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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 (PM2.5) 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., Mäkelä 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
(H2SO4‐H2O) [e.g., Jaecker‐Voirol and Mirabel, 1989].
More recently, a kinetic H2SO4‐H2O 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 (NH3) [e.g., Coffman 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 NH3 stabilizing factor constrained
by laboratory measurements, Yu [2006b] concluded that
H2SO4–H2O–NH3 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

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 H2SO4 concentration. Empirically derived
dependencies of nucleation rates on H2SO4 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. Ion‐induced nucleation
accounts for enhanced nucleation rates due to Coulombic
interactions between small ions and condensing vapors
[Lovejoy et al., 2004; Eisele 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
PM2.5, 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
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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, Jdimer, which can
be calculated based on the collision‐controlled theory of
gases [McMurry, 1980],

Jdim er ¼ 1

2
�11N1; ð1Þ

where b11 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 (∼T0.5),
with a typical value of 4.3 × 10−10 cm3 s−1 at 298 K
[McMurry, 1980], and N1 is the monomer concentration, in
this case, N1 = NH2SO4, assuming H2SO4 is the nucleating
species. The value of Jdimer 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],

J2nm ffi 1� 10�2 � R; ð2Þ

where R is the monomer formation rate and can be deter-
mined as follows:

N1 ¼ 5� 104 � R1=2 ~N 1; ð3Þ

where N1 is the monomer concentration of the nucleating
vapor (H2SO4), ~N1 is the dimensionless monomer con-
centration, ffi0.44 based on work by McMurry [1980].
Rearranging (3) for R and plugging R into (2) gives

J2nm ffi 1� 10�2 � R ¼ 1� 10�2 � 2� 10�9 � N2
1

� �

¼ 2� 10�11 � N 2
1 : ð4Þ

[7] Note that both Jdimer and J2 nm depend strongly on N1.
They either do not depend or insignificantly depend on
temperature, relative humidity, and pressure. The nucleation
rates could exceed Jdimer if species other than H2SO4 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 (I2O4), produced from the photodissociation of
CH2I2 in coastal atmosphere, can nucleate and readily
condense to rapidly grow particles [Hoffmann 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 Jdimer and either
smaller than or equal to J2 nm, 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], Vehkamäki
et al. [2002], and Yu [2008] (referred to as WE94, PA94,
FI98, HK98, KU98, VE02, and YU08, 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 NA02,
ME07, and YU06, respectively). The two observation‐based
power law parameterizations include those of Sihto et al.
[2006] and Kuang et al. [2008] (referred to as SI06 and
KU08, 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., J1 nm) 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

ZHANG ET AL.: NUCLEATION PARAMETERIZATIONS, 1 D20212D20212

3 of 23



T
ab

le
1.

B
in
ar
y,

T
er
na
ry
,
an
d
P
ow

er
L
aw

N
uc
le
at
io
n
P
ar
am

et
er
iz
at
io
ns

fo
r
3‐
D

A
ir
Q
ua
lit
y
M
od

el
sa

T
yp

e
P
ar
am

et
er
iz
at
io
n

F
or
m
ul
at
io
n
an
d
T
he
or
et
ic
al

B
as
is

3‐
D

H
os
t
M
od

el
/R
ef
er
en
ce

B
in
ar
y

W
ex
le
r
et

al
.

[1
99

4]
(W

E
94

)
J
=
(C

su
lf
−
C
su
lf
,
cr
it
)
×
C
u
n
it
×
D
t,
w
he
re

C
su
lf
,c
ri
t
=
ex
p
(c
),
c
/

f(
T
,
R
H
),
fi
rs
t‐
or
de
r

po
ly
no

m
ia
l
of

T
an
d
R
H

ba
se
d
on

w
or
k
by

Ja
ec
ke
r‐
V
oi
ro
l
an

d
M
ir
ab

el
[1
98

9]
;

nu
cl
ea
tio

n
on

ly
oc
cu
rs

w
he
n
C
su
lf
>
C
su
lf
,
cr
it
,

C
IT

[G
ri
ffi
n
et

al
.,
20

02
]

P
an

di
s
et

al
.

[1
99

4]
(P
A
94

)
lo
g 1

0
,
J
/

f(
R
H
,
N
H
2
S
O
4
),
fi
rs
t‐
or
de
r
po

ly
no

m
ia
l
of

R
H

an
d
lo
g 1

0
(N

H
2
S
O
4
);
no

T
de
pe
nd

en
ce
;

ba
se
d
on

w
or
k
by

Ja
ec
ke
r‐
V
oi
ro
l
an

d
M
ir
ab

el
[1
98

9]
G
A
T
O
R
;
N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q
‐v
4.
4,

v4
.7

[J
ac
ob

so
n,

19
97

,
20

01
,
20

04
]

F
itz
ge
ra
ld

et
al
.

[1
99

8]
(F
I9
8)

lo
g 1

0
,
J
/

f(
N
H
2
S
O
4
,
T
,
R
H
),
a
po

ly
no

m
ia
l
w
ith

fi
rs
t‐
or
de
r
of

lo
g 1

0
(N

H
2
S
O
4
),
an
d
se
co
nd

‐o
rd
er

po
ly
no

m
ia
l
of

lo
g
(R
H
)
an
d
T
;
ba
se
d
on

w
or
k
by

Ja
ec
ke
r‐
V
oi
ro
l
an

d
M
ir
ab

el
[1
98

9]
G
A
T
O
R
;
N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q
‐v
4.
4,

an
d
v4

.7
[J
ac
ob

so
n,

19
97

,
20

01
,
20

04
;
Z
ha

ng
et

al
.,
20

09
,
20

10
]

H
ar
ri
ng

to
n
an

d
K
re
id
en
w
ei
s

[1
99

8]
(H

K
98

)

D
N
1N
=
J c

ri
t
D
t n
w
he
re

J c
ri
t
/

f
(C

su
lf
,c
ri
t,
T
,
R
H
),
ba
se
d
on

w
or
k
by

Ja
ec
ke
r‐
V
oi
ro
l
an

d
M
ir
ab

el
[1
98

9]
an
d
D
t n
/

f
(V

cr
it
,
J c

ri
t,
T
,
R
H
),
C
su
lf
,
cr
it
an
d
D
t n
ar
e
ob

ta
in
ed

by
so
lv
in
g
fo
r
a

co
up

le
d
ga
s‐
P
M

sy
st
em

fo
r
2
P
M

m
od

es
w
ith

2
m
om

en
ts
(n
um

be
r/
m
as
s)

an
d

co
nd

en
sa
tio

na
l
gr
ow

th

U
.S
.
E
P
A

C
M
A
Q

v4
.3

an
d
ol
de
r;
N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q
‐v
4.
4
an
d
v4

.7
[B
in
ko
w
sk
i
an

d
R
os
el
le
,
20

03
;

B
yu
n
an

d
Sc
he
re
,
20

06
;
Z
ha

ng
et

al
.,
20

09
,
20

10
]

K
ul
m
al
a
et

al
.

[1
99

8b
]
(K

U
98

)
J
=
ex
p
(c
),
w
he
re

c
/

f
(N

H
2
S
O
4
,
T
,
R
H
,
X
cr
it
),
fi
rs
t‐
or
de
r
po

ly
no

m
ia
l
of

ln
(N

H
2
S
O
4
),
T
,
R
H
,

an
d
X
cr
it
,
ba
se
d
on

a
cl
as
si
ca
l
bi
na
ry

ho
m
og

en
eo
us

nu
cl
ea
tio

n
m
od

el
U
.S
.
E
P
A

C
M
A
Q
,
v4

.4
–v
4.
7
[B
in
ko
w
sk
i
an

d
R
os
el
le
,

20
03

;
B
yu
n
an

d
Sc
he
re
,
20

06
]

V
eh
ka
m
äk
i
et

al
.

[2
00

2]
(V

E
02

)
J
=
ex
p
(c
),
w
he
re

c
/

f
(N

H
2
S
O
4
,
T
,
R
H
,
X
cr
it
),
a
po

ly
no

m
ia
l
w
ith

fi
rs
t‐
or
de
r
of

ln
(N

H
2
S
O
4
)
an
d

X
cr
it
,
an
d
th
ir
d‐
or
de
r
of

ln
(R
H
),
ln

(N
H
2
S
O
4
),
an
d
T
,
ba
se
d
on

cl
as
si
ca
l
bi
na
ry

ho
m
og

en
eo
us

nu
cl
ea
tio

n
m
od

el

G
A
T
O
R
‐G

C
M
O
M
;
N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q
‐v
4.
4
an
d

v4
.7
;
C
M
U

G
IS
S
G
C
M

II
‐p
ri
m
e
w
ith

T
O
M
A
S

[J
ac
ob

so
n,

19
97

,
20

01
,
20

04
;
Z
ha

ng
et

al
.,
20

09
,
20

10
;

P
ie
rc
e
an

d
A
da

m
s,
20

09
]

Y
u
[2
00

8]
(Y

U
08

)
J
/

f(
N
H
2
S
O
4
,
T
,
R
H
),
L
oo

ku
p
ta
bl
e
of

J
va
lu
es

ba
se
d
on

an
an
al
yt
ic
al

re
pr
es
en
ta
tio

n
of

qu
as
i‐
un

ar
y
ho

m
og

en
eo
us

nu
cl
ea
tio

n
ra
te
s
co
ns
tr
ai
ne
d
w
ith

la
bo

ra
to
ry

m
ea
su
re
m
en
ts

N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q
‐v
4.
4
an
d
v4

.7
;

G
E
O
S
‐C

he
m

[Z
ha

ng
et

al
.,
20

09
,
20

10
;
Y
u
an

d
L
uo

,
20

09
;
Y
u
et

al
.,
20

10
]

T
er
na
ry

N
ap

ar
i
et

al
.

[2
00

2]
(N

A
02

)
ln

J
/

f(
N
H
2
S
O
4
,
C
N
H

3
,
T
,
R
H
),
a
po

ly
no

m
ia
l
w
ith

th
ir
d‐
or
de
r
of

T
,
se
co
nd

‐o
rd
er

of
ln

(N
H
2
S
O
4
),

ln
(C

N
H
3
),
an
d
fi
rs
t‐
or
de
r
of

R
H

an
d
ln

(R
H
);
ba
se
d
on

a
cl
as
si
ca
l
te
rn
ar
y
ho

m
og

en
eo
us

nu
cl
ea
tio

n
m
od

el

N
C
S
U

an
d
U
W

ad
ap
ta
tio

ns
of

C
M
A
Q
‐v
4.
4;

G
A
T
O
R
‐G

C
M
O
M
;
C
M
U

G
IS
S
G
C
M

II
‐p
ri
m
e
w
ith

T
O
M
A
S
[Z
ha

ng
et

al
.,
20

09
,
20

10
;
E
lle
m
an

an
d
C
ov
er
t,

20
09

a,
20

09
b;

Ja
co
bs
on
,
19

97
,
20

01
,
20

04
;
P
ie
rc
e
an

d
A
da

m
s,
20

09
]

M
er
ik
an

to
et

al
.

[2
00

7b
]
(M

E
07

)
w
ith

co
rr
ec
tio

ns
by

M
er
ik
an

to
et

al
.
[2
00

9b
]

ln
J
/

f(
N
H
2
S
O
4
,
C
N
H

3
,
T
,
R
H
),
a
po

ly
no

m
ia
l
w
ith

th
ir
d‐
or
de
r
of

T
an
d
ln

(C
N
H
3
);
se
co
nd

‐o
rd
er

of
ln

(N
H
2
S
O
4
);
fi
rs
t‐
or
de
r
of

R
H
,
ln

(R
H
);
up

da
te
d
pa
ra
m
et
er
iz
at
io
n
of

N
A
02

ba
se
d
on

a
cl
as
si
ca
l
te
rn
ar
y
ho

m
og

en
eo
us

nu
cl
ea
tio

n
m
od

el
.
N
ot
e
th
at

“R
H
”
is
m
is
si
ng

fr
om

th
e
te
rm

in
vo

lv
in
g
f 1
5
(T
)/
x3
ln

c
in

eq
ua
tio

n
(8
)
in

M
E
07

,
w
hi
ch

sh
ou

ld
be

co
rr
ec
te
d
to

be
“f

1
5
(T
)
R
H
/x
3
ln

c”
)

N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q

v4
.4

an
d
v4

.7
;
U
W

ad
ap
ta
tio

n
of

C
M
A
Q

v4
.4

[Z
ha

ng
et

al
.,
20

09
,
20

10
;

E
lle
m
an

an
d
C
ov
er
t,
20

09
a,

20
09

b]

Y
u
[2
00

6b
]

(Y
U
06

)
J
/

f(
N
su
lf
,
T
,
R
H
),
L
oo

ku
p
ta
bl
e
of

J
va
lu
es

ba
se
d
on

a
ki
ne
tic

te
rn
ar
y
ho

m
og

en
eo
us

nu
cl
ea
tio

n
m
od

el
w
ith

th
e
N
H
3
st
ab
ili
za
tio

n
ef
fe
ct

(F
N
H
3
=
2)

co
ns
tr
ai
ne
d
w
ith

la
bo

ra
to
ry

m
ea
su
re
m
en
ts

N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q

v4
.4

an
d
v4

.7
[Z
ha

ng
et

al
.,
20

09
,
20

10
]

P
ow

er
L
aw

(a
ct
iv
at
io
n
or

ki
ne
tic
)

Si
ht
o
et

al
.
[2
00

6]
(S
I0
6)

J
/

A
×
(N

su
lf
),
fi
rs
t‐
or
de
r
fo
r
N
su
lf
,
as
su
m
in
g
ac
tiv

at
io
n
ty
pe

nu
cl
ea
tio

n,
i.e
.,
ac
tiv

at
io
n

of
sm

al
l
cl
us
te
rs

vi
a
he
te
ro
ge
ne
ou

s
nu

cl
ea
tio

n
or

ch
em

ic
al

re
ac
tio

ns
,
w
he
re

A
=
1.
7
×
10

−6
N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q

v4
.4

an
d
v4

.7
an
d

G
U
‐W

R
F
/C
he
m

[Y
.
Z
ha

ng
et

al
.,
20

04
,
20

09
,
20

10
]

K
ua

ng
et

al
.

[2
00

8]
(K

U
08

)
J
/

K
×
(N

su
lf
)2
.0
1
,
se
co
nd

‐o
rd
er

fo
r
N
su
lf
,
as
su
m
in
g
ki
ne
tic

ty
pe

nu
cl
ea
tio

n,
i.e
.,
cr
iti
ca
l
cl
us
te
rs

ar
e
fo
rm

ed
by

co
lli
si
on

s
of

H
2
S
O
4
or

ot
he
r
m
ol
ec
ul
es

co
nt
ai
ni
ng

H
2
S
O
4
,
e.
g.
,
N
H
4
H
S
O
4
,

w
he
re

K
=
1.
6
×
10

−1
4

N
C
S
U

ad
ap
ta
tio

ns
of

C
M
A
Q

v4
.4

an
d
v4

.7
[Z
ha

ng
et

al
.,
20

09
,
20

10
]

a J
,n
ew

pa
rt
ic
le
fo
rm

at
io
n
ra
te
,c
m

−3
s−

1
;C

su
lf
,t
he

co
nc
en
tr
at
io
n
of

H
2
S
O
4
in

mg
m

−3
,C

su
lf
, c
ri
t,
th
e
cr
iti
ca
lc
on

ce
nt
ra
tio

n
of

H
2
S
O
4
in

mg
m

−3
ne
ed
ed

to
pr
od

uc
e
J
=
1
cm

−3
s−

1
;C

u
n
it
,t
he

un
it
co
nv

er
si
on

fa
ct
or
;D

t–
tim

e
st
ep

fo
r
nu

cl
ea
tio

n
ca
lc
ul
at
io
n
in

s;
N
H
2
S
O
4
,H

2
S
O
4
nu

m
be
r
co
nc
en
tr
at
io
n,

cm
−3
;X

cr
it
,t
he

H
2
S
O
4
m
ol
e
fr
ac
tio

n
in

th
e
cr
iti
ca
ln

uc
le
us
;
J c

ri
t,
th
e
cr
iti
ca
l
nu

cl
ea
tio

n
ra
te
in

pa
rt
ic
le
s
cm

−3
s−

1
;D

t n
,t
he

le
ng

th
of

th
e

nu
cl
ea
tio

n
ev
en
t;
D
N
1N
,t
he

to
ta
l
nu

m
be
r
of

pa
rt
ic
le
s
fo
rm

ed
du

ri
ng

tim
e
pe
ri
od

of
D
t n
;C

N
H
3
or

x,
N
H
3
vo

lu
m
e
m
ix
in
g
ra
tio

,p
pt
;N

cl
u
st
er
,m

ol
ec
ul
ar

cl
us
te
r
co
nc
en
tr
at
io
ns
;T

,t
em

pe
ra
tu
re
,°
C
;R

H
,r
el
at
iv
e
hu

m
id
ity

,
%

or
as

fr
ac
tio

n;
C
IT
,
th
e
C
al
if
or
ni
a/
C
ar
ne
gi
e‐
M
el
lo
n
In
st
itu

te
of

T
ec
hn

ol
og

y
A
ir
Q
ua
lit
y
M
od

el
;
C
M
A
Q
,
C
om

m
un

ity
M
ul
tis
ca
le

A
ir
Q
ua
lit
y
M
od

el
in
g
S
ys
te
m
;
G
A
T
O
R
‐G

C
M
O
M
,
th
e
G
as
,
A
er
os
ol
,
T
ra
ns
pO

rt
,

R
ad
ia
tio

n,
G
en
er
al
C
ir
cu
la
tio

n,
M
es
os
ca
le
,a
nd

O
ce
an

M
od

el
;G

U
‐W

R
F
/C
he
m
‐M

A
D
R
ID

,t
he

G
lo
ba
l‐
th
ro
ug

h‐
U
rb
an

W
ea
th
er

R
es
ea
rc
h
an
d
F
or
ec
as
tin

g
m
od

el
w
ith

C
he
m
is
tr
y
w
ith

th
e
M
od

el
of

A
er
os
ol

D
yn

am
ic
s,

R
ea
ct
io
n,

Io
ni
za
tio

n
an
d
D
is
so
lu
tio

n;
G
IS
S
G
C
M

II
‐p
ri
m
e
w
ith

T
O
M
A
S
,t
he

G
od

da
rd

In
st
itu

te
fo
r
S
pa
ce

S
tu
di
es

II
‐p
ri
m
e
G
en
er
al
C
ir
cu
la
tio

n
M
od

el
th
e
T
w
O
‐M

om
en
tA

er
os
ol

S
ec
tio

na
lm

ic
ro
ph

ys
ic
s
m
od

el
;E

P
A
,

th
e
U
.S
.
E
nv

ir
on

m
en
ta
l
P
ro
te
ct
io
n
A
ge
nc
y;

N
C
S
U
,
N
or
th

C
ar
ol
in
a
S
ta
te

U
ni
ve
rs
ity

;
C
M
U
,
C
ar
ne
gi
e
M
el
lo
n
U
ni
ve
rs
ity

;
an
d
U
W
,
U
ni
ve
rs
ity

of
W
as
hi
ng

to
n.

ZHANG ET AL.: NUCLEATION PARAMETERIZATIONS, 1 D20212D20212

4 of 23



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.
[9] 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 H2SO4–
H2O 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, T, which
is considered in other parameterizations but with different
mathematical expressions. KU98 is the default nucleation
parameterization used in CMAQ version 4.3 and newer. It
is valid for J of 10−5–105 cm−3 s−1 under the atmospheric
conditions with T of 233.15–298.15 K and relative humidity
(RH) of 10–100%. KU98 and VE02 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 H2SO4 and water molecules
were missing in the diagonal terms of the growth tensors
that account for collision between free H2SO4 molecules
and between water molecules), leading to 1–3 orders of
magnitude too low nucleation rates [Vehkamäki et al.,
2002; Noppel et al., 2002]. This mistake was corrected by
VE02, which is valid for J of 10−7–1010 cm−3 s−1 under
the atmospheric conditions with T of 230.15–305.15 K,
RH of 0.01–100%, and the number concentration of H2SO4

(NH2SO4) of 104–1011 cm−3. The temperature has been
extrapolated down to 190 K for its application in upper
troposphere and stratosphere [Vehkamäki et al., 2002]. FI98
is most accurate in the range of 273–303 K and 60–100%
RH [Fitzgerald et al., 1998]. YU08 assumes that H2O
concentrations are sufficiently high that BHN can be treated
as a quasi‐unary nucleation (QUN) process for H2SO4 in
equilibrium with H2O 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 YU08 covers J values under
atmospheric conditions with NH2SO4 of 10

5–109 cm−3 for T
of 190–310 K and NH2SO4 of 10

9–1012 cm−3 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 NA02 is valid for

atmospheric conditions with T of 240–300 K, RH of 0.05–
0.95, NH2SO4 of 10

4–109 molecules cm−3, NH3 mixing ratio,
CNH3, of 0.1–100 ppt and J of 10−5–106 cm−3 s−1 [Napari
et al., 2002]. NA02, however, contains a technical flaw,
as it only accounts for hydrate formation and neglects the
formation of ammonia bisulfate (NH4HSO4) and its effect
on the nucleation rates. As pointed out by Yu [2006b],
NA02 significantly overpredicts (by many orders of mag-
nitude) the effect of NH3 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

that NH3 cannot stabilize small H2SO4‐H2O clusters due to
a weak molecular bonding between NH3 and small H2SO4

clusters [Ianni and Bandy, 1999; Nadykto and Yu, 2007] and
thus the effect of NH3 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 H2SO4 clusters is
so strong that nearly all H2SO4 vapor molecules in the
atmosphere are bonded to become NH4HSO4 [Vehkamäki
et al., 2004]. Similar to the effect of H2SO4 monomer
hydration on nucleation, the formation of NH4HSO4 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 NH4HSO4 for-
mation was considered in ME07, which is valid for
atmospheric conditions with T > 235 K, RH of 0.05–0.95,
NH2SO4 of 5 × 104–109 cm−3, CNH3 of 0.1–1000 ppt and
J > 10−5 cm−3 s−1. Yu [2006b] derived a THN kinetic
model that uses the laboratory data to constrain the
average NH3 stabilization effect (FNH3 = 2) in calculating
J values. The THN model was derived based on the
theory that only a small fraction of small H2SO4 clusters
contain NH3 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
NH2SO4. The prefactor A 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 H2SO4 or other molecules
containing H2SO4, e.g., NH4HSO4, with J proportional to
the square of NH2SO4. Prefactor K is related to rate constants
for reactions that lead to the production of stable nuclei.
Both A and K values are empirically determined from
observation‐derived nucleation rates as a function of H2SO4

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 Sihto et
al. [2006] with a mean prefactor A value of 1.7 × 10−6 and a
power of 1 is used in this study. Kuang et al. [2008] derived
the values of the exponent and the prefactor A 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 × 10−14 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 T of 180–303 K, RH of 0–100%,
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NH2SO4 of 10
4–5 × 1011 cm−3, and CNH3 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 Jdimer
and J2 nm. In addition, the calculated J values are com-
pared with laboratory measurements by Ball et al. [1999] and
evaluated using J1 nm values derived based on particle size
distribution and chemical measurements at Jefferson Street
(JST), Atlanta, GA from ANARChE 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
H2SO4 and NH3 [Smith et al., 2005; Sakurai et al., 2005].
These parameterizations are then evaluated further in the 3‐D
CMAQmodel 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 NH2SO4

[13] Figure 1 shows the calculated nucleation rates, J, as a
function of NH2SO4 on a logarithmic scale. Note that the rates
below 10−8 cm3 s−1 are too small to have important effects on
new particle formation and those above 1012 cm3 s−1 are too
large to be realistic, they are therefore not shown in Figure 1.
The ternary nucleation rates from NA02 and ME07 are cal-
culated at CNH3 of 0.1 ppt and 100 ppt to provide a bound of
their ternary rates. Those by YU06 do not vary with NH3

levels, whose effects are considered to be an average
enhancement factor derived from laboratory measurements of
Ball et al. [1999] with CNH3 of ∼100 ppt. For KU98, VE02,
NA02, YU06, ME07, and YU08, only J values in their valid
ranges of T, RH, NH2SO4, 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
Jdimer and J2 nm are also plotted for comparison.
[14] At the middle tropospheric conditions with RH =

50%, T = 258.15 K, andNH2SO4 = 104–1012 cm−3 (Figure 1a),
all parameterizations show a strong dependence of J on
NH2SO4 and at a given NH2SO4 the values of J predicted by
the models can vary by up to 15 orders of magnitude. The
dependence of log(J) on log(NH2SO4) can be roughly
grouped into three types: strong linear (i.e., PA94, FI98,
KU98, YU06, and YU08), weak linear (i.e., WE94, HK98,
SI06, and KU08), and nonlinear (i.e., VE02, NA02, and
ME07). Among the 7 BHN parameterizations, WE94 gives
zero rates for NH2SO4 < 5 × 107 cm−3 and a relatively
weaker dependence on NH2SO4 for higher NH2SO4 values,
because J is not directly proportional to NH2SO4, but it is
directly proportional to the difference between this and the
critical concentration of H2SO4 that is required to produce
J of 1 cm−3 s−1. PA94, FI98, and KU98 show a strong
linear dependence of log(J) on log (NH2SO4) that is similar
in terms of magnitude but for different ranges of NH2SO4

because their log(J) values are directly proportional to log
(NH2SO4), with the highest rates by FI98 and the lowest
rates by PA94. VE02 shows a strong dependence of log(J)
on log(NH2SO4) that is linear for NH2SO4 < 2 × 108 cm−3

but nonlinear for higher NH2SO4. For 10−8 cm3 s−1 < J <

1015 cm3 s−1, the rates predicted by KU98 are lower by
1–2 and 4–6 orders of magnitude compared with those of
VE02 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 NH2SO4 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 NH2SO4 available for
nucleation. YU08 shows a strong linear dependence of
log(J) on log(NH2SO4). For THN parameterizations, NA02
show a nonlinear dependence of log(J) on log(NH2SO4) at
CNH3 of 0.1 ppt but a nearly linear dependence at CNH3

of 100 ppt. ME07, on the other hand, gives slightly
nonlinear dependence of log(J) on log(NH2SO4) at CNH3 of
0.1 and 100 ppt. ME07 gives rates that are lower than
those of NA02 by up to 11 orders of magnitude at CNH3

of 0.1 ppt and by up to 9 orders of magnitude at CNH3 of
100 ppt, given the same value of NH2SO4 when NH2SO4 <
109 cm−3. YU06 gives J values that are significantly
lower than those by NA02 at CNH3 = 0.1 and 100 ppt and
by ME07 at CNH3 = 100 ppt for NH2SO4 < 109 cm−3 but
higher than J from ME07 at CNH3 = 0.1 ppt for the valid
NH2SO4 and J ranges of ME07, because it uses experi-
mental data to constrain J values. The THN J values
predicted by YU06 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 NA02 at CNH3 = 100 ppt are 4–15 orders of
magnitude higher than rates by all BHM parameterizations
for NH2SO4 < 2 × 108 cm−3 (except for WE94 and FI98 at
some NH2SO4 values), inconsistent with observed enhance-
ment factors for J in the presence of ambient level of NH3,
which is consistent with the finding of Yu [2006b]. As
pointed previously, Anttila et al. [2005] and ME07 attributed
such a significant discrepancy to the omission of the for-
mation of NH4HSO4 and its effect on the nucleation rates
of NA02, but Yu [2006b] argued that it is caused by the
weak bonding of NH3 with small H2SO4 molecular clusters.
The correction made for NA02 shown by ME07 brings
the THN J values at CNH3 = 100 ppt in a much closer
agreement (0–7 orders of magnitude) with the BHN rates,
although those by ME07 at CNH3 = 0.1 ppt become much
lower than the BHN rates for 108 ≤ NH2SO4 ≤ 109 cm−3.
For the two power laws, SI06 gives linear dependence of
log(J) on log(NH2SO4) similar to WE94 but its rates are
valid for a wider range of NH2SO4 including those below 5 ×
107 cm−3, and KU07 shows a linear dependence of log(J)
on log(NH2SO4) that is stronger than WE94, HK98, and
SI06 but weaker than those of PA94, FI98, and KU98.
SI06 gives higher J than KU08 at NH2SO4 < 108 cm−3

but lower one than KU08 for higher NH2SO4, indicating a
stronger nucleation simulated by KU08 under a sulfate‐rich
environment. Compared with Jdimer and J2nm, some J values
exceed these upper limits, including all rates by NA02 at
CNH3 > 0.1 ppt, nearly all rates by WE94, and some rates
by PA94, FI98, VE02, and NA02 at CNH3 = 0.1 ppt at
some NH2SO4.
[15] At surface conditions with RH = 80%, T = 298.15 K,

and NH2SO4 = 104–1012 cm−3 (Figure 1b) all BHN and THN
parameterizations except those of PA94 predict much lower
J than those at RH = 50% and T = 258.15 K, which may
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Figure 1. Nucleation rates as a function of the number concentration of H2SO4 at (a) T = 258.15 K,
RH = 50%, and (b) T = 298.15 K, RH = 80%.

ZHANG ET AL.: NUCLEATION PARAMETERIZATIONS, 1 D20212D20212

7 of 23



vary by up to 18 orders of magnitude at the same NH2SO4.
Since J values generally increase when RH increases from
50% to 80% and decrease when T increases from 258.15 K

to 298.15 K (with a few exceptions; see Figures 2 and 3), the
increases in J values under the surface conditions indicate
that the effect of T variation dominates over that of RH

Figure 2. Nucleation rates as a function of temperature at (a) RH = 50%, and the number concentra-
tion of H2SO4 of 105 molecules cm−3, and (b) RH = 80%, and the number concentration of H2SO4 of
109 molecules cm−3.
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Figure 3. Nucleation rates as a function of RH at (a) T = 258.15 K, and the number concentration
of H2SO4 of 105 molecules cm−3, and (b) T = 298.15 K, and the number concentration of H2SO4 of
109 molecules cm−3.
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variation, as compared with those under the middle tropo-
spheric conditions. WE94 shows a similar strong dependence
of log(J) on log(NH2SO4) but with rates that are lower by up
to 100% than RH = 50% and T = 258.15 K at NH2SO4 > 5 ×
108 cm−3 and predicts no nucleation for lower NH2SO4. FI98
and KU08 give rates that are lower by 9–12 and 10 orders of
magnitude, respectively, at RH = 80% and T = 298.15 K
than RH = 50% and T = 258.15 K. VE02 does not give a
rate that is greater than 10−8 cm−3 s−1 at NH2SO4 < 6 ×
108 cm−3 and gives rates that are lower by 3–12 orders of
magnitude at RH = 80% and T = 298.15 K than RH =
50% and T = 258.15 K at higher NH2SO4 levels. YU08
gives similar dependence of log(J) on log(NH2SO4) but
with rates that are lower by 7–22 orders of magnitude
under the surface conditions than the middle tropospheric
conditions. PA04 also shows a similar strong dependence
of log(J) on log(NH2SO4) to that at a lower RH (note that
it does not depend on T), but it depends on RH to a much
lesser extent than NH2SO4 with rates of 1–4 orders of
magnitude higher at RH = 80% than those at RH = 50%.
At CNH3 = 100 ppt, NA02 gives much stronger depen-
dence of log(J) on log(NH2SO4) with rates that are lower
by 1–10 orders of magnitude under the surface conditions
than the middle tropospheric conditions for NH2SO4 < 5 ×
108 cm−3. At CNH3 = 0.1 ppt, it gives either zero rates at
NH2SO4 < 5 × 105 cm−3 or rates that are less than its low
limit of validation value (i.e., 10−5 cm−3 s−1) at higher
NH2SO4 (thus not shown in the Figure 1b). Compared with
J values under the middle tropospheric conditions, ME07
predicts no nucleation at CNH3 = 0.1 and 100 ppt (thus
not shown in the Figure 1b). Relative to the BHN rates by
YU08, YU06 shows larger NH3 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 NA02 at CNH3 >
0.1 ppt exceed the upper limits (Jdimer and J2nm). Under the
surface conditions, SI06 and KU08 show the same NH2SO4

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 NH2SO4 = 105 cm−3

and RH = 80% and NH2SO4 = 109 cm−3, respectively. At
RH = 50% and NH2SO4 = 105 cm−3, PA94 and ME07 give
either negligible nucleation rates or do not predict nucle-
ation. WE94 does not predict nucleation when T > 200 K.
The calculated J values are above 10−8 cm−3 s−1 for YU06
and YU08 when T < 230 K, for VE02 and KU98 when
T < 235 K, and for FI98 when T < 245 K. Only HK98,
SI06, KU08, and NA02 give valid J values (defined as
values that are within their respective valid ranges and
also ≤J2 nm) for T > 250 K. While rates by SI06 and
KU08 do not depend on T, those by FI98, HK98, YU08,
YU06, and NA02 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 NA02 with CNH3 =
0.1 ppt that oscillates with T. The J values simulated by
these parameterizations may vary by up to 15 orders of

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., NA02 at CNH3 = 0.1 ppt). At the same T,
the J values from various parameterizations may differ
by 13 orders of magnitude for J > 10−8 cm−3 s−1. Some rates
byWE04, KU98, FI98, andNA02 aremuch higher than Jdimer

and J2 nm. SI06 gives a constant rate of 0.17 cm
−3 s−1, which is

lower than Jdimer of 2.15 cm−3 s−1 and J2 nm of 0.2 cm−3 s−1.
KU08 gives a constant rate of 1.8 × 10−4 cm−3 s−1, which
is well below Jdimer and J2 nm.
[17] At RH = 80% and NH2SO4 = 109 cm−3, NA02 only

gives two valid J values between 10−5–106 cm−3 s−1 at
CNH3 = 0.1 ppt and T = 290 and 298 K and gives all J
values that are larger than 106 cm−3 s−1 at CNH3 = 100 ppt
(thus not shown in Figure 2b). WE94, PA94, SI06, and
KU08 show either no or weak T dependence, the remaining
parameterizations show a strong T dependence, with rates by
KU98, FI98, VI02, YU08, YU06, and ME07 decreasing
with T but those by HK98 increasing with T at lower T
values but decreasing with T 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 T 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 T dependence. At the same T, the
J values from various parameterizations may differ by 17
orders of magnitude at T < 260 K and by 15 orders of
magnitude at higher T values for J > 10−8 cm−3 s−1.
Several parameterizations give rates much higher than
Jdimer of 2.2 × 108 cm−3s−1 and J2 nm of 2 × 107 cm−3s−1

including those of WE94 at all T values, FI98 at T < 290 K,
and VI02 at T < 250 K. PA94 gives a constant rate of
1.7 × 108 cm−3 s−1, which is slightly below Jdimer but about
1 order of magnitude higher than J2 nm. KU08 and SI06
give constant rates of 1.9 × 104 and 1.7 × 103 cm−3 s−1,
respectively, which are well below Jdimer and J2 nm.

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 T = 258.15 K and NH2SO4 = 105 cm−3 and the
urban surface conditions with T = 298.15 K and NH2SO4 =
109 cm−3. Under the middle tropospheric conditions, WE94,
PA94, VE02, KU98, HK98, YU06, ME07, and YU08 do not
predict nucleation. SI06, KU08, and NA02 at CNH3 = 100 ppt
show either no or weak RH dependence. FI98, HK98, and
NA02 at CNH3 = 0.1 ppt show stronger RH dependence with
rates that vary by up to 8 orders of magnitude when RH
increases from 0.01% to 100% for J > 10−8 cm−3s−1. Simu-
lated J values by NA02 at CNH3 = 100 ppt are higher by up
to 12 orders of magnitude than those from the binary
parameterizations at the same RH value for J > 10−8 cm−3s−1.
The rates by FI98 and NA02 at CNH3 = 0.1 ppt for all RH
values andNA02 atCNH3 = 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
NA02 is inconsistent with laboratory observations of Kim
et al. [1998] and Ball et al. [1999], consistent with
finding of Yu [2006b]. NA02 gives J values that are well
above Jdimer of 2.2 × 10−2 cm−3s−1 and J2 nm of 2.0 ×
10−3 cm−3s−1 when CNH3 = 100 ppt and sometimes above
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those limits when CNH3 = 0.1 ppt, thus not realistic. FI98,
HK98, SI06 and KU08 give J values that are lower than
Jdimer and J2 nm.
[19] Under the urban surface conditions, ME07 does not

predict nucleation and NA02 at CNH3 = 100 ppt gives J
values above 109 cm−3s−1 that are beyond its valid range
(thus no values are shown for those parameterizations).
WE94, SI06, and KU08 show either no or weak RH
dependence. KU98, PA94, FI98, HK98, VE02, YU06,
YU08, and NA02 at CNH3 = 0.1 ppt show a strong RH
dependence of log(J), with rates that vary by up to 12 orders
of magnitude when RH increases from 0.0 to 100% for J >
10−8 cm−3. Simulated J values can vary by up to 14 orders
of magnitude at the same RH value for J > 10−8 cm−3. The
rates by all these parameterizations increase with RH except
those by NA02 at CNH3 = 0.1 ppt that decrease with RH and
those by FI98 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 NA02 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 Jdimer and J2 nm, thus
not realistic. KU08 and SI06 give a constant rate of 2.0 ×
104 cm−3s−1 and 1.7 × 103 cm−3s−1, respectively, which is
slightly lower than Jdimer of 2.2 × 104 cm−3s−1 and J2 nm of
2.0 × 103 cm−3s−1, respectively.

3.4. Dependence of Nucleation Rates on CNH3

[20] Figures 4a–4c show J as a function of CNH3 on a
logarithmic scale at the middle tropospheric conditions with
RH = 50%, T = 258.15 K, and NH2SO4 of 10

5 and 107 cm−3

and urban surface conditions with RH = 80%, T = 298.15 K,
and NH2SO4 of 109 cm−3, respectively. Under the middle
tropospheric conditions with RH = 50%, T = 258.15 K,
and NH2SO4 of 10

5 cm−3, WE94 does not predict nucleation,
HK98 gives a rate of 3.9 × 10−3 cm−3 s−1, and the rest of
binary parameterizations all give rates that are negligible
(<10−15 cm−3 s−1) (not shown in Figure 4). Among the
three THN parameterizations, ME02 does not predict nucle-
ation, YU06 gives negligible rates, and only NA02 predicts
J values that are above 10−8 cm−3 s−1, which increase by
more than 7 orders of magnitude when CNH3 increases from
0.1 to 100 ppt for J > 10−8 cm−3 s−1. These rates are higher
than J values by SI06 and KU08 at CNH3 > 2.2 ppt and
0.1 ppt, respectively, and those by all BHN parameteriza-
tions when CNH3 = 0.1–100 ppt. NA02 at CNH3 > 0.5 or
0.2 ppt gives rates that are higher than Jdimer or J2 nm,
respectively. When NH2SO4 increases from 105 cm−3 to
107 cm−3 in the troposphere (i.e., corresponding to cases
with volcanic eruptions during which high SO2 amounts
are emitted, leading to a high NH2SO4 in the upper/middle
troposphere), the J values simulated from all parameteriza-

tions increase by several orders of magnitude because their
positive dependence on NH2SO4 and all parameterizations
give rates above 10−8 cm−3 s−1 except for WE94, which does
not predict nucleation, PA94, which gives a negligible rate
of 1.4 × 10−10 cm−3 s−1, and KU98, which gives a rate of
2.7 × 10−6 cm−3 s−1 that is beyond its valid range of J
(both PA94 and KU98 predictions are thus not shown in
Figure 4b) The J values from NA02 are higher by 11
orders of magnitude than those from ME07 and YU06, 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 Jdimer and J2 nm, those from all other parameteriza-
tions are well below these limits. At urban surface condi-
tions, ME07 does not predict new particle formation. NA02
shows a strong CNH3 dependence with rates increasing by
11 orders of magnitude when CNH3 increases from 0.2 to 20
ppt. YU06 gives a constant rate of 1.6 × 10−2 cm−3 s−1,
which is higher than the corresponding binary rate of 4.0 ×
10−4 cm−3 s−1 by YU08. KU98, VE02, and YU08 give rates
that are lower than ternary rates by YU06 and NA02 for all
CNH3 values. The rest of binary and power law parameter-
izations give rates that are higher than those by YU06 for
all CNH3 values and higher than those by NA02 at lower
NH3 levels but lower values at higher NH3 levels. Among
all parameterizations, WE94 gives the highest rates and
VE02 gives the lowest rates. The rates by WE94, PA04, and
NA02 at CNH3 > 10 ppt are higher than Jdimer or J2 nm, thus
not realistic.

4. Evaluation of Parameterizations Using
Laboratory Measurements

[21] Yu [2006b] has previously evaluated J rates calcu-
lated by NA02 and VE02 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 × 10−2 to 3.6 × 102 cm−3 s−1 and 9.0 ×
10−1 to 2.0 × 102 cm−3 s−1, respectively. The measured
nucleation rates are enhanced in the presence of 170 ppt
NH3 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, YU08
and HK98 give the closest agreement with measured
BHN rates. Among ternary parameterizations, YU06 gives
the closest agreement, ME07 does not predict nucleation
(off scale in Figure 5), and NA02 gives rates of 10−2 to

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 ME07 data are invisible in Figures 5a and 5b because the study does not predict nucleation under such
conditions.
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106 cm−3 s−1 when NH2SO4 < 1.0 × 109 cm−3 and is invalid
for high values of NH2SO4. At the same values of NH2SO4,
NA02 gives J values that are up to several tens of orders
of magnitude higher than those of KU98 and VE02. For
example, the J values are 5.5 × 104 cm−3 s−1 for NA02,
5.6 × 10−43 cm−3 s−1 for KU98, and 0 for VE02 when
NH2SO4 = 2.0 × 106 cm−3. Such a dramatic enhancement in
nucleation rates in the presence of NH3 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 T of
266–280 K, and RH of 43–93% in springtime in Hyytiälä,
Finland [Kulmala et al., 2001b; Boy et al., 2005], and
KU08 law was derived from observations under T 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 T = 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 T = 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 VE02 gives J rates of 10−4 to 108 cm−3 s−1 when
NH2SO4 > 1010 cm−3. HK98, YU08, and YU06 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 VE02 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 Sipilä et al.
[2010], respectively.1 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 H2SO4 from the SO2 + OH reactions. Strictly
speaking, these measurements are different from previous
data obtained using the liquid samples of H2SO4 [e.g., Ball
et al., 1999]. They do not represent the H2SO4‐H2O binary
nucleation (instead, it is the H2SO4‐H2O‐X ternary nucle-
ation, where X is an unidentified species and has been
speculated to be an organic species or HSO5 [Berndt et al.,
2005, 2008]. As shown by Berndt et al. [2008] and Sipilä
et al. [2010], those new data using H2SO4 from the SO2 +
OH reactions are generally consistent with previously
measured data using liquid samples of H2SO4. 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-

ratories and the simulated nucleation using various para-
meterizations and some uncertainties in the “residual”
H2SO4 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 T 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 H2SO4/H2O particles and estimated a nucle-
ation rate of 0.3–0.4 cm−3 s−1 for a concentration of H2SO4

of ∼107 cm−3. 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 H2SO4

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 10−2 to 102 cm−3 s−1 under various RH
conditions. Among the 12 parameterizations, KU08 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 ×
10−8 cm−3 s−1 (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−3 s−1 at T = 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−3 s−1 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 KU08 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 H2SO4,
and the number of H2SO4 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

1Auxiliary materials are available in the HTML. doi:10.1029/
2010JD014150.
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agreement by HK98 under conditions with T = 288 K,
RH = 15%, tr = 19 s,WLF = 2.4–2.5, and n = ∼7 (Figure S3b)
and T = 288 K, RH = 11%, tr = 19 s, WLF = 2.5–2.6, and n =
3–6 (Figure S3c). At T = 288 K, RH = 23%, tr = 19 s, WLF =
2.4, and n = ∼3 (Figure S2a), HK98 and SI06 give values
within 4 orders of magnitudes for all H2SO4 concentrations,
and several parameterizations including those of PA94,
VE02, YU06, and YU08 for some H2SO4 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 × 10−8 cm−3 s−1.
[25] Benson et al. [2009] measured J with and without

NH3 under T = 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 NH3 con-
centrations of 10–50 ppb. As shown in Figure S4, in the
absence of NH3 (Figures S4a–S4c), SI06 and HK98 give the
closest agreement to the measurements. In the presence of
NH3 (Figures S4d–S4f ), SI06 and HK98 also give the closest
agreement at RH = 23 and 28% and KU08, SI06, and
HK98 give the closest agreement at RH = 33%, whereas
none of the THN parameterizations give the rates that are
within 2–3 orders of magnitudes. NA02 gives rates that
are higher by 6–10 orders of magnitudes than the mea-
sured rates. ME07 and YU08 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, Sipilä 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−3 s−1. SI08 and KU08 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 × 10−8 cm−3 s−1) 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
SO2 concentrations are high, providing a rich source of
H2SO4 for new particle formation in an urban environment.
The nucleation‐related measurements include the mixing
ratios of several gases (e.g., SO2, H2SO4, and NH3), particle
size distributions in several size ranges (e.g., 3–40 nm, 20–
250 nm, and 0.1–2 mm), 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 ANARChE, the
formation rate of 3 nm particles (J3 nm), can be derived
based on the observed particle size distributions and
H2SO4 number concentrations, and the formation rate of
1 nm particles (J1 nm) can then be extrapolated from J3 nm

[Kuang et al., 2008]. Compared with J3 nm, J1 nm represents
the net nucleation rate of particles with size of 1 nm by

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 T, RH, and NH2SO4 are available every minute
during July–September 2002, the derived values of J1 nm,
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 T, RH, and NH2SO4 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 J1 nm and then used as the input conditions. The
ranges of T, RH, and NH2SO4 are 28.32–34.92°C (301.47–
308.07 K), 56.83–76.41%, 4.25 × 107–3.03 × 108 cm−3,
with mean values of 31.76°C (i.e., 304.91 K), 65.53%,
and 1.62 × 108 cm−3, 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 × 107–2.18 × 108 cm−3, with mean values of
35.95°C (i.e., 309.1 K), 40.42%, and 7.68 × 107 cm−3,
respectively, during 1110–1305 LDT, 5 August 2002. 31 July
2002 represents conditions with relatively high NH2SO4,
low T, and high RH, and 5 August 2002 represents condi-
tions with relatively low NH2SO4, high T, and low RH. The
mean T values of 304.91 K on 31 July and 309.1 K on
5 August are slightly above the valid upper limits of T for
some parameterizations (e.g., 298.15 K for KU98, 300 K for
NA02, and 305.15 K for VE02). Because the J values from
KU98, NA02, and VE02 decrease with increasing T (see
Figure 2b), the J values at T = 304.91 and 309.1 K predicted
by KU98, NA02, and VE02 should indeed be lower than
those at their upper limits of T if the parameterizations
are extended at T higher than their upper limits following
their T dependence trends (although these values may be
often set to be the same at their upper limit of T in their actual
3‐D model applications). The actual observed mean T values
of 304.91 and 309.1 K are therefore used in calculating J
values from KU98, NA02, and VE02 here, which are lower
than the J values at their upper limits in 3‐D applications.
The observed CNH3 values range from 1 to 10 ppb during
ANARChE [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. CNH3 of 100 ppt is thus
used in calculating THN rates from NA02 and ME07 on both
days.
[28] Figure 6 shows the simulated J values from various

nucleation parameterizations with those observed during
ANARChE on 31 July and 5 August 2002. Five para-
meterizations (i.e., FI98, KU98, VE02, YU06, and YU08)
give J values below 1 × 10−8 cm3 s−1, which are not plotted.
All calculated J values from NA02 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−3 s−1, respectively, on 31
July and 5 August 2002. WE94 and ME07 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 ×
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10−39 cm−3 s−1) for the remaining cases on 5 August and all
cases (<8.3 × 10−24 cm−3 s−1) on 31 July, all of these
nonzero values are well below its low valid limit of 1 ×

10−7 cm−3 s−1 (results not shown). FI98, KU98, YU08, and
YU06 give poor agreement with observations, with J values
of 1.2 × 10−19–8.8 × 10−11 cm−3 s−1, 1.2 × 10−21–4.3 ×

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 (ANARChE) study of nucleation during late July–August 2002. Five para-
meterizations (i.e., those of FI98, KU98, VE02, YU06, and YU08) give J values below 1 × 10−8 cm3 s−1,
which are not plotted.
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10−14 cm−3 s−1, 1.0 × 10−30–9.4 × 10−16 cm−3 s−1, 4.7 ×
10−25–1.8 × 10−11 cm−3 s−1, respectively, and correlation
coefficients of 0.08, 0.04, 0.17, and 0.16, respectively, on

31 July 2002 (results not shown). These parameterizations
also give similar negligible J values and low correlation
coefficients on 5 August. On the other hand, NA02 over-

Figure 7. Simulated versus observed nucleation rates on (top) 31 July and (bottom) 5 August 2002 using
work of Sihto 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 × 10−6, 6.0 × 10−6, and 0.4 ×
10−6, respectively. Similarly, KU08, KU08_min, and KU08_max refer to simulation results using the
minimal and maximum prefactor K values of 1.6 × 10−14, 1.51 × 10−13, and 1.66 × 10−15, respectively.
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predicts significantly, with J values of 2.3 × 103–6.1 × 107

cm−3 s−1 and a correlation coefficient of 0.2 on 31 July and
24.3–1.8 × 107 cm−3 s−1 and a correlation coefficient of
0.31 on 5 August (note that the valid range of J for NA02 is
10−5–106 cm−3 s−1). For comparison, PA94, HK98, SI06,
KU08 perform better, with J rates of 4.0 × 10−4–64 cm−3

s−1, 11–354 cm−3 s−1, 72–515 cm−3 s−1, 35–1790 cm−3 s−1,
respectively, and correlation coefficients of 0.18, 0.35,
0.35, and 0.29, respectively, on 31 July and 8.9 × 10−8–
1.2 × 10−1 cm−3 s−1, 6.2 × 10−1–124 cm−3 s−1, 58.2–370
cm−3 s−1, 22.3–920 cm−3 s−1, 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 KU08

are conducted to examine the sensitivity of simulated
J values to the prefactors selected in SI06 and KU08:
SI06_min and SI06_max using the minimal and maximum
prefactor A values of 0.4 × 10−6 and 6.0 × 10−6, respec-
tively, and KU08_min and KU08_max using the minimal
and maximum K values of 1.66 × 10−15 and 1.51 × 10−13,
respectively. Figure 7 shows the three sets of simulated J
values for SI06 and KU08. 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 KU08. For 31 July 2002, the J values using
the max A for SI06 (i.e., SI06_max) and the mean prefactor
K for KU08 (i.e., KU08) give the best fit among the
respective three sets of results with SI06 and KU08, with
KU08 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., SI06_min) and the min K for KU08 (i.e.,
KU08_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−3 s−1

during 0900–1150 LDT on 31 July 2002. WE94 and ME07
give zero J values, FI98, KU98, VE02, YU08, and YU06
give negligible J values; those by KU98 and VE02 are
smaller than their valid ranges of J values, thus no statistical
calculation was performed for KU98 and VE02. The mean J
values simulated by PA94, HK98, NA02, SI06, and KU08
are 10, 161, 3.1 × 105, 276, and 615 cm−3 s−1, respec-
tively. Note that only J values ≤1.0 × 106 cm−3 s−1 are used
in the statistical calculation for NA02, because J values
above this threshold are considered to be invalid [Kulmala
et al., 1998b]. The exclusion of invalid J values from
NA02 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 Jdimer of 1.7 × 106 cm−3 s−1

but higher than mean J2 nm of 1.6 × 105 cm−3 s−1. Among
the 12 parameterizations, KU08 gives the closest agreement
with a normalized mean bias (NMB) of −14.6%, and SI06
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 × 104%.
Using the min and max prefactors from SI06 and KU08 (i.e.,
SI06_min, SI06_max, KU08_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−3 s−1. WE94, FI98, KU98, VE02,
YU06, YU08, and ME07 also give either zero or negligible

Table 2. Performance Statistics for Various Nucleation Parameterizations Against Observations From ANARChEa

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] (FI98) 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)b

Vehkamäki et al. [2002] (VE98)b

Yu [2008] (YU08) 5.7E‐17 −1.0E+02 1.0E+02 8.1E‐30 −1.0E+02 1.0E+02
Napari et al. [2002] (NA02)c 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] (YU06) 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)d 6.5E+01 −9.1E+01 9.1E+01 3.1E+01 −4.7E+01 7.2E+01
Sihto et al. [2006] (SI06_max)d 9.7E+02 3.5E+01 8.2E+01 4.6E+02 6.9E+02 6.9E+02
Kuang et al. [2008] (KU08) 6.2E+02 −1.5E+01 7.2E+01 1.5E+02 1.6E+02 1.7E+02
Kuang et al. [2008] (KU08_min)d 6.4E+01 −9.1E+01 −9.1E+01 1.6E+01 −7.3E+01 −7.3E+01
Kuang et al. [2008] (KU08_max)d 5.8E+03 7.1E+02 7.1E+02 1.4E+03 2.3E+03 2.3E+03

aANARChE, Aerosol 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.

bNo 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 VE02.

cNA02 gives some rates that exceed the range of valid J (i.e., >106 cm−3 s−1), which are excluded in the statistical calculation, resulting in fewer numbers
of data pair for NA02 (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).

dSI06, SI06_min, and SI06_max refer to simulation results using the mean, minimal, and maximum prefactor A values of 1.7 × 10−6, 6.0 × 10−6, and
0.4 × 10−6, respectively. Similarly, KU08, KU08_min, and KU08_max refer to simulation results using the minimal and maximum prefactor K values
of 1.6 × 10−14, 1.51 × 10−13, and 1.66 × 10−15, respectively.
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or invalid J values, the J values simulated by PA94, HK98,
NA02, SI06, and KU08 are 4.2 × 10−3, 12.7, 4.5 × 104, 131,
and 151 cm−3 s−1, respectively. The mean J value from
NA02 is lower than mean Jdimer of 8.3 × 105 cm−3 s−1 and
J2nm of 7.7 × 104 cm−3 s−1 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 KU08 overpredict J values with NMBs
of 125% and 160%, respectively, they perform much better
than NA02, which gives the worst agreement with an NMB
of 7.8 × 104%. Using the min prefactors from SI06 and KU08
(i.e., SI06_min and KU08_min) will improve their predic-
tions in terms of NMB, whereas using the max prefactors
from SI06 and KU08 (i.e., SI06_max and KU08_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 KU08 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 T, RH,
and NH2SO4 conditions (e.g., by up to 15 orders of mag-
nitude under conditions with T = 258.15 K, RH = 50%,
and NH2SO4 = 2 × 107 cm−3 or up to 18 orders of mag-
nitude under conditions with T = 298.15 K, RH = 80%,
and NH2SO4 = 8 × 109 cm−3). These parameterizations
generally give a strong linear or nonlinear dependence of
log(J) on log(NH2SO4) that consistently gives higher J va-
lues under higher NH2SO4 levels. All except for WE94,
PA94, SI06, and KU08 show a strong T dependence, with
J values decrease with increasing T for most parameter-
izations except for HK98, which gives higher J values at
higher T for T < 240 K under all NH2SO4 levels, and KU98,
which gives higher J values when T increases for T <
240 K under conditions with a high NH2SO4 of 109 cm−3.
All except for SI06 and KU08 show an RH dependence,
with J values increase with increasing RH for most para-
meterizations except for NA02 and ME07, 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 ME07 show a strong dependence on NH3,
with J values from NA02 higher by up to 11 orders of mag-
nitude than those from ME07 and YU06 under the middle
tropospheric and urban surface conditions. The differences in
J values in terms of magnitude and dependence on influential
parameters such as NH2SO4, T, RH, and CNH3 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 NA02).

[32] Compared with Jdimer and J2nm, some J values exceed
these upper limits, including all rates by NA02 at CNH3 >
0.1 ppt, nearly all rates by WE94, and some rates by PA94,
FI98, VE02, and NA02 at CNH3 = 0.1 ppt at some NH2SO4 in
the range of 104–1012 cm−3 under the middle tropospheric
and/or urban surface conditions. Several parameterizations
give rates much higher than Jdimer and J2 nm including those
of FI98 at T < 240 K and NA02 at T > 240 K at some T
values under the conditions with RH = 50% and NH2SO4 =
104 cm−3 and WE94 at all T values, FI98 at T < 290 K,
and VI02 at T < 250 K under the conditions with RH =
80% and NH2SO4 = 109 cm−3. The J rates simulated by
NA02 at CNH3 = 100 ppt for all RH values under the
conditions with T = 258.15 K and NH2SO4 = 104 cm−3 and
those by WE94 at RH > 0.6, PA94 at RH > 50%, and FI98
at RH > 0.95 under the conditions with T = 298.15 K
and NH2SO4 = 109 cm−3 exceed Jdimer and J2 nm. SI06 at
all RHs gives a rate that is slightly lower than Jdimer but
higher than J2 nm. KU08 gives a constant rate of 1.8 ×
10−6 cm−3 s−1, which is well below Jdimer and J2 nm. NA02
gives rates that are higher than Jdimer or J2 nm, respectively,
at some or all CNH3 values under the middle tropospheric
condition with RH = 50%, T = 258.15 K, and NH2SO4 >
104 cm−3 and at some CNH3 values under the urban surface
conditions with RH = 80%, T = 298.15 K, and NH2SO4 of
109 cm−3. WE94 and PA94 also give rates above Jdimer or
J2 nm for all ranges of CNH3 under the same urban surface
conditions. Among all parameterizations, only KU98,
YU06, YU08, ME07, and KU08 do not give rates that are
higher than either Jdimer or J2 nm under atmospheric con-
ditions considered in this study. HK98 does not exceed those
limits under most conditions and SI06 does not exceed
Jdimer but does exceed J2 nm 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 Jdimer 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 H2SO4, YU08 and HK98 give the closest agreement with
measured BHN rates and YU06 gives the closest agreement
with measured THN rates at T = 295 K and RH = 4.6%, and
KU98 and YU06 give the closest agreement with measured
BHN and THN rates, respectively, at T = 295 K and RH =
15.3%. The enhancement in J values calculated by NA02
relative to KU98 and VE02 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 KU08 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 H2SO4 generated from the
SO2 + OH reactions [e.g., Berndt et al., 2005, 2006, 2010;
Benson et al., 2009], SI06 and KU08 give the best overall
agreement.
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[34] Compared with observed J rates at JST from
ANARChE during summer 2002, WE94 and ME07 give
zero J values, KU98 and VE02 give invalid J values,
and FI98, YU08, and YU06 give negligible J values on
both 31 July and 5 August, the J values simulated by
NA02 are much higher than observations with an NMB
of 4.3–7.8 × 104%, those from PA94, HK98, SI06, and
KU08 are more reasonable, with NMBs of −77.7% to
160%, despite large negative or positive biases. Overall,
KU08, 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‐T
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, KU08 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 KU08 and SI06 do not depend on T 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 T and RH
dependence in such empirical expressions may be necessary
to improve their prediction skills under such conditions.
[37] Although KU98, YU06, YU08, and ME07 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, ME07 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

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 NA02 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 NA02 also exceed the upper limits under
many conditions. In addition, NA02 has several funda-
mental problems associated with their formulation. As a
result, the ternary rates from NA02 at CNH3 = 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., YU06 and ME07). 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 NA02. 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 CNH3 of several ppt to several ppm.
The RH dependence of nucleation rates of NA02 is also
inconsistent with laboratory observations and other nucle-
ation parameterizations. Although some studies show that
NA02 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 ANARChE 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 NH2SO4 =
1 × 105 cm−3, RH = 50%, and T < 210 K, and with NH2SO4 =
1 × 109 cm−3,RH = 80% and T < 250K, 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 H2SO4 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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