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Spatial distributions of particle number concentrations
in the global troposphere: Simulations, observations,
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[1] Particle number concentration in the troposphere is an important parameter controlling
the climate and health impacts of atmospheric aerosols. We show that nucleation rates
and total particle number concentrations in the troposphere, predicted by different
nucleation schemes, differ significantly. Our extensive comparisons of simulated results
with land-, ship-, and aircraft-based measurements indicate that, among six widely used
nucleation schemes involving sulfuric acid, only the ion-mediated nucleation (IMN)
scheme can reasonably account for both absolute values (within a factor of ~2) and spatial
distributions of particle number concentrations in the whole troposphere. Binary
homogeneous nucleation (BHN) schemes significantly underpredict particle number
concentration in the lower troposphere (below ~500 mbar), especially in the boundary
layer over major continents (by a factor of up to ~10). BHN is also insignificant in the
upper troposphere based on a recent kinetically self-consistent nucleation model
constrained by multiple independent laboratory data. Previous conclusions about the
importance of BHN in the upper troposphere should be revisited. Empirical activation and
kinetic nucleation formulas significantly overpredict the particle number concentrations
over tropical and subtropical oceans (by a factor of up to ~10 in the boundary layer), and
the overpredictions extend from ocean surface to around ~400 mbar. This study represents
the first comprehensive comparison of global particle number simulations with relevant

measurements that have a 3-D global spatial coverage. Our results suggest that
ion-mediated H,SO4-H,0 nucleation appears to dominate over neutral H,SO4-H,O
nucleation, not only in the lower troposphere but also in the middle and upper troposphere.

Citation: Yu, F., G. Luo, T. S. Bates, B. Anderson, A. Clarke, V. Kapustin, R. M. Yantosca, Y. Wang, and S. Wu (2010),
Spatial distributions of particle number concentrations in the global troposphere: Simulations, observations, and implications for
nucleation mechanisms, J. Geophys. Res., 115, D17205, doi:10.1029/2009JD013473.

1. Introduction

[2] Aerosol particles appear in the troposphere because of
either in situ nucleation (i.e., secondary particles) or direct
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emissions (i.e., primary particles). In addition to the mass
concentration, the particle number concentration affects the
climate and health impacts of atmospheric aerosols. Field
measurements show clearly that the number concentrations
of cloud drops increase with increasing total aerosol number
concentrations [e.g., Ramanathan et al., 2001]. High num-
ber concentrations of ultrafine particles may also lead to
adverse health effects [e.g., Penttinen et al., 2001;
Oberdorster et al., 2004].

[3] Because of the importance of knowing accurately the
aerosol number concentrations and their spatiotemporal
variations, more and more global models are beginning to
include explicit calculations of the new particle formation
and size-resolved aerosol microphysics [e.g., Bauer et al.,
2008; Spracklen et al., 2008; Makkonen et al., 2009;
Wang and Penner, 2009; Pierce and Adams, 2009; Yu and
Luo, 2009]. Nucleation, which has been frequently observed
in many parts of the troposphere [e.g., Clarke and Kapustin,
2002; Kulmala et al., 2004; Yu et al., 2008], is an important
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Table 1. Six Nucleation Schemes and Corresponding Variables Controlling the Predicted Nucleation Rates (J)*

Nucleation Model/Parameterization

Controlling Variables

References

Ton-mediated nucleation (IMN)

Ion-induced nucleation (IIN)

Kinetic binary homogeneous
nucleation (KBHN)

Classical binary homogeneous
nucleation (CBHN)

Empirical activation nucleation (EAN)

Empirical kinetic nucleation (EKN) Jexkn = K [H2SO4]

Jimn =/ ([H2SO4], T, RH, Q, S)
Jun = f([H2804], T, RH, Q, S)
Jkeun = f ([H2804], T, RH)

Jepan = f ([H2SO4), T, RH)

Jean = 4 [HZSO4J, A=13.5x 10" used in this study
, K =155 x 107" used in this study

Yu and Turco [2000]; Yu [2006b, 2010].
Lovejoy et al. [2004]; Modgil et al. [2005]
Yu [2007, 2008]

Noppel et al. [2002]; Vehkamdki et al. [2002]

Riipinen et al. [2007]; Kuang et al. [2008]
Riipinen et al. [2007]; Kuang et al. [2008]

“Nucleation schemes IMN, 1IN, KBHN, CBHN, EAN, and EKN are used in the present study. Jpn and Jyy depend on sulfuric acid vapor concentration
([H2SO4]), temperature (T), relative humidity (RH), ionization rate (Q), and surface area of preexisting particles (S). Jxpun and Jeppn depend on [H,SO4],

T, and RH. Jgan and Jggn depend on [H,SO4] only.

source of global particles and appears to dominate the total
particle number abundance in most parts of the troposphere
[Yu and Luo, 2009]. While in situ measurements have long
established the involvement of sulfuric acid gas in atmo-
spheric nucleation [e.g., Weber et al., 1996; Clarke et al.,
1998], a consensus in the scientific community with
regard to the dominant nucleation mechanism(s) remains to
be achieved despite decades of investigation on atmospheric
nucleation phenomena. Nucleation theories of various kinds
and versions have been continuously developed and updated
by different research groups. As a result of the uncertainties
in the thermodynamic data and various approximations
employed in theoretical derivations, the nucleation rates
predicted by different nucleation theories/parameterizations
differ by many orders of magnitude [Yu and Turco, 2008].
More importantly, different kinds of nucleation theories
have different sensitivities to key parameters. A recent
global simulation indicates that aerosol indirect forcing is
sensitive to the nucleation process [Wang and Penner,
2009]. In order to assess the aerosol indirect radiative
forcing and confidently project the future climate change,
identification of the dominant particle formation mechanism
(s) and key controlling parameters is imperative.

[4] In this study, we employ a recently developed global
size-resolved aerosol microphysics model [Yu and Luo,
2009] to study the difference in the number concentrations
of atmospheric aerosols and their spatial distributions pre-
dicted by different nucleation schemes. The modeling results
are compared with an extensive set of land-, ship-, and
aircraft-based measurements, aiming to assess the ability of
different nucleation theories in capturing the spatial dis-
tributions of global particle number concentrations and to
identify the nucleation scheme(s) that can reasonably
account for the observations.

2. Overview of Nucleation Theories/Schemes
and Their Differences

[5] There exist three relatively well-developed atmo-
spheric nucleation theories: (1) binary homogeneous
nucleation (BHN) of H,SO,4 and H,O [e.g., Noppel et al.,
2002; Vehkamdki et al., 2002; Yu, 2007, 2008], (2) ternary
homogeneous nucleation (THN) of H,SO4-H,O-NHj; [e.g.,
Napari et al., 2002; Yu, 2006a; Merikanto et al., 2007], and
(3) ion-mediated nucleation (IMN) [Yu and Turco, 2000;
Yu, 2006b, 2010] or ion-induced nucleation (IIN) [e.g.,
Lovejoy et al., 2004; Sorokin et al., 2006] of H,SO4-H,O-
Ion. In addition, a number of regression analyses indicate

that the particle formation rates derived from observations
have a linear or square dependence on H,SO,4 vapor con-
centration ([H,SOy4]) [e.g., Riipinen et al., 2007; Kuang
et al., 2008], and empirical activation and kinetic nucle-
ation formulas have been used in several studies to represent
boundary layer nucleation. On the basis of the kinetic THN
model constrained by laboratory studies [Yu, 2006a] and the
revised classical THN model [Merikanto et al., 2007], THN
is likely to be negligible in both the boundary layer because
of high temperature [Yu and Turco, 2008] and the upper
troposphere because of lower ammonia concentration. In the
present study, we focus on binary homogeneous, ion, and
empirical nucleation, with two different schemes selected
for each category. Details of these nucleation schemes are
given in Table 1. These six nucleation schemes represent the
most recently updated version of corresponding nucleation
schemes currently available from several research groups.
[6] Figure 1 shows the predicted nucleation rates based on
six different nucleation schemes (Jx, X = IMN, 1IN, KBHN,
CBHN, EAN, EKN; see Table 1) as a function of [H,SO4],
temperature (T), relative humidity (RH), and surface area of
preexisting particles (S). Nucleation rates under the same
conditions given by two different parameterizations of the
same nucleation kind differ by up to many orders of mag-
nitude. J\y is generally several orders of magnitude higher
than Jjn. The possible cause of the difference has been
discussed in Yu [2006b] and Yu and Turco [2008]. It should
be noted that an increase in Jiy as T increases when T > 290 K
(Fi6gure 1d) and as [H,SO4] decreases when [H,SO,4] <~2 x
10° cm ™ (Figure 1b) is physically unrealistic and likely to
be caused by the error in the parameterization of Modgil
et al. [2005]. Thus, care must be taken in using the param-
eterization of Modgil et al. [2005] in regional and global
simulations as it may give erroneously high nucleation rates
when T > ~290 K and [H,SO4] < ~10° cm ™. In the present
study, Jyp is set to zero when T > 290 K, or when [H,SO4] <
10° cm ™ if 290 K > T > 270 K. The application of this filter
will not affect results because under such conditions, nucle-
ation rate is generally negligible even based on IMN. The
BHN is negligible in the warm lower troposphere but could
be significant in the cold upper troposphere. At colder T,
Jepun 1s several orders of magnitude higher than Jiggyn.
Laboratory studies [Hanson and Lovejoy, 2006] have shown
that the Vehkamdki et al. [2002] model overpredicted the
BHN rates by about three orders of magnitude at low T. A
significant overprediction may mislead one to think that
BHN can account for the observed new particle formation
rates in the upper troposphere while in reality the observed
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Figure 1. The dependence of nucleation rates on (a, b) [H,SOy4], (c, d) T, (e) RH, and (f) S, based on six
nucleation schemes described in Table 1 under selected conditions. Ionization rate (Q) is assumed to be
10 ion-pairs cm s ' for all IMN and IIN cases, and the values of other parameters are specified in the

legend.

nucleation events might be dominated by other mechanisms.
The kinetic binary homogeneous nucleation (KBHN) model
[Yu, 2007, 2008], which is constrained by multiple inde-
pendent laboratory data sets (including those of Hanson and
Lovejoy [2006]), appears to be more accurate. Jgan and
Jekn with the assumed values of prefactors A and K are
generally higher than I\, especially at high T. Prefactors
A and K, derived from different measurements, vary by up
to approximately four orders of magnitude [Riipinen et al.,
2007; Kuang et al., 2008]. It remains to be studied what
controls the variations of A and K. In the present study, the
mean values of A and K derived from Hyytidld measure-
ments [Riipinen et al., 2007] are assumed.

[7] [HySO4] and T appear to be the two most important
parameters controlling the formation rates of particles in the
troposphere [Yu, 2010]. It is clear from Figure 1 that the

dependence of J on [H,SO4] and T differs significantly, with
important implications for how future climate and emission
changes may impact new particle formation, aerosol indirect
radiative forcing, and climate feedback mechanisms [Yu,
2010]. Compared to Jiv, Jepun and Jgppn are generally
more sensitive to the changes in T and [H,SO,4]. Under the
conditions shown in Figure le, Jiyy is very sensitive to RH
when RH is low (< ~20%), but the sensitivity decreases as
RH increases. Jpan and Jgxyn have a weaker dependence on
[H,SO4] and no dependence on T, RH, and S. It is inter-
esting to note that Jyn and Jgan, Within certain parameter
spaces, are close in terms of absolute values and their sen-
sitivities to [H,SO4], T, and RH. The dependence of Jypy on
T, [H,SO4], and RH is nonlinear because of limitations in
other parameters, especially ionization rates. Future climate
and emission changes are expected to substantially change T
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Figure 2. Vertical (sigma equals pressure divided by surface pressure) structure of annual mean, zonally
averaged ionization rates due to galactic cosmic rays and radioactive materials from soil.

and [H,SO,] in different parts of the atmosphere, and dif-
ferent nucleation theories may predict quite different
nucleation rates, which would impact aerosol indirect radi-
ative forcing and thus climate feedback processes. In addi-
tion, ionization rate variations associated with solar
activities will affect the ion nucleation rates [Yu, 2010], but
will have no influence on neutral nucleation. Therefore, it is
critically important to identify the dominant nucleation
mechanism(s) in the atmosphere.

[s] Because of large spatial and temporal variations of T,
[H,SO4], and other parameters in the atmosphere, nucleation
rates and total particle number concentrations in the global
troposphere predicted by different nucleation schemes are
expected to differ significantly. With a global aerosol
microphysics model, different nucleation schemes for new
particle formation can be evaluated quantitatively by com-
paring the predicted particle number concentrations with the
field data taken in different parts of the atmosphere during
the past two decades.

3. Global Size-Resolved Aerosol Microphysics
Model

[v] GEOS-Chem, a global 3-D model of atmospheric
composition driven by assimilated meteorological data from
the NASA Goddard Earth Observing System 5 (GEOS-5), is
employed for this study. The GEOS-Chem model has been
developed and used by research groups worldwide and
contains many state-of-the-art modules treating various
chemical and aerosol processes [e.g., Bey et al., 2001;
Martin et al., 2003; Park et al., 2004; Evans and Jacob,
2005; Nenes et al., 1998; Liao et al., 2007] with up-to-
date key emission inventories [e.g., Bond et al., 2007,
Zhang et al., 2009]. A detailed description of the model
(including the treatment of various emission sources,
chemistry, and aerosol schemes) can be found in the model
Web site (http://acmg.seas.harvard.edu/geos).

[10] Recently, Yu and Luo [2009] incorporated an
advanced particle microphysics (APM) model into GEOS-
Chem to treat size-resolved microphysics, dry deposition,
and wet scavenging for aerosols. In the present version of
the aerosol module, size-resolved microphysics for sec-
ondary particles (i.e., those formed from gaseous species)
and sea salt has been treated with 40 sectional bins to rep-
resent sulfate (or secondary) particles and 20 sectional bins
to represent sea salt particles. The bin structure is chosen to
have relatively high resolution for the size range important
to the growth of nucleated particles (a few nanometers) to
cloud condensation nuclei. The growth of nucleated parti-
cles through the condensation of sulfuric acid vapor and
equilibrium uptake of nitrate, ammonium, and secondary
organic aerosol is explicitly simulated, along with the
scavenging of secondary particles by primary particles (dust,
black carbon, organic carbon, and sea salt). More details of
the aerosol model can be found in Yu and Luo [2009]. The
APM module, after some further improvement and proper
validation, will be added to the standard version of GEOS-
Chem in the near future.

[11] Here, we extend the studies presented in Yu and Luo
[2009] by simulating the same period (year 2006) based on
the six different nucleation schemes given in Table 1, with a
horizontal resolution of 4° x 5° and 47 vertical layers up to
0.01 hPa (GEOS-5 meteorological fields). GEOS-Chem
v8-01-03 used in Yu and Luo [2009] has been updated to
v8-02-02 for the present simulation. To clearly compare the
differences, the fraction of anthropogenic sulfur emitted as
primary sulfate (used to represent the subgrid nucleation
process) has been set to zero. The oceanic a-pinene emis-
sion indicated by ship measurements is not considered in the
present study because of the large unresolved difference
between the total fluxes derived from “top-down” and
“bottom-up” approaches [Luo and Yu, 2010]. The global
ionization rates due to cosmic rays are calculated on the
basis of the schemes given in Usoskin and Kovaltsov [2006]
and the contribution of radioactive materials from soil to
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Figure 3. Horizontal spatial distributions of annual mean nucleation rates in the lower boundary layer

(0-0.4 km) simulated with six different nucleation

ionization rates is parameterized on the basis of the profiles
given in Reiter [1992]. Figure 2 gives the calculated zonally
averaged annual mean ionization rates (Q, in ion-pairs
ecm s '). In the lower troposphere, Q is generally below
10 ion-pairs cm s . In the upper troposphere, Q is in the
range of 10-20 ion-pairs cm s ' at the low latitudes (30°S
to 30°N) and 20—40 ion-pairs cm °s ' at the high latitudes.

4. Global Simulations and Comparisons
With Measurements

[12] Figures 3 and 4 present the horizontal (averaged
within lower boundary layer 0-0.4 km, annual mean) and
vertical (zonal-averaged, annual mean) spatial distributions
of nucleation rates based on the six different nucleation
schemes described in Table 1. As expected, nucleation rates
predicted on the basis of different schemes vary significantly
both in absolute values and in their spatial distributions.
Throughout the troposphere, the annual mean Jypy is a factor
of ~10-100 smaller than Jp, while Jxgpn 1s a factor of

schemes described in Table 1.

~10-100 lower than Jcgyy. Classical binary homogeneous
nucleation (CBHN) theory predicts largest nucleation rates
in the upper troposphere. CBHN theory also predicts large
nucleation rates in polar upper troposphere, differing sub-
stantially from predictions based on other nucleation
schemes. Large differences in annual mean nucleation rates
predicted on the basis of the ion nucleation and BHN
models have significant implications with regard to the
relative importance of ion versus neutral nucleation as a
source of new particles in the troposphere. On the basis of
CBHN, neutral binary homogeneous nucleation dominates
over ion nucleation in the upper troposphere. However, on
the basis of KBHN, ion nucleation (IMN or IIN) dominates
throughout the troposphere. BHN has long been suggested
as a major source of new particles in the upper troposphere.
As we have pointed out in section 2, the KBHN model is
consistent with recent laboratory data and its predictions
should be considered more robust than CBHN. Therefore, it
is reasonable to conclude that ion nucleation dominates
neutral nucleation, not only in the lower troposphere but
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Figure 4. Vertical (sigma equals pressure divided by surface pressure) structure of annual mean, zonally
averaged nucleation rates predicted with six different nucleation schemes described in Table 1.

also in the middle and upper troposphere. This appears to be
physically sound since ions are known to enhance the
nucleation as a result of charge effects on cluster stability
and growth rates [Yu, 2010]. There is no physical reason that
the homogeneous nucleation rate exceeds ion nucleation
rates except under the conditions when the nucleation rate is
larger than the ionization rate (i.e., when Jp\py is limited by
ionization rate; see Figure 1). Our simulations indicate that
the conditions in the ambient troposphere generally do not
reach the level that nucleation rates (Figures 3 and 4) exceed
ion production rates (Figure 2).

[13] Both empirical activation nucleation (EAN) and
empirical kinetic nucleation (EKN) predict very large
nucleation rates in most parts of the troposphere and give
nucleation rates spatial distributions quite different from
those based on ion and neutral nucleation theories. The
empirical formulas (EAN and EKN) predict widespread
nucleation over tropical and subtropical oceans, in dramatic
contrast to those based on theoretical models (IMN, IIN,
KBHN, and CBHN). The main reason is the effect of
temperature, which is not considered in empirical formulas.
Another significant difference is that theoretical models
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Figure 5. Horizontal distributions of annual mean number concentrations of condensation nuclei larger
than 10 nm (CN10) in the lower boundary layer (0-0.4 km) simulated with six different nucleation
schemes described in Table 1. The observed annual or multiple year averaged CN10 values from
21 sites are also overlapped on the plots for comparison.

predict a high nucleation rate zone in the tropical upper
troposphere while empirical formulas do not predict such a
zone. The reason again is associated with the effect of
temperature. [H,SO,4] generally decreases with altitude, and
this is why Jgan and Jgky decrease with altitude. The the-
oretical models give a higher nucleation rate in the upper
troposphere because of the lower T which favors the
nucleation based on the nucleation thermodynamics.

[14] In the last two decades, particle number concentra-
tions have been measured in different parts of troposphere
with land-, ship-, and aircraft-based instruments. A number
of surface-based stations have long-term (multiple-year)
continuous measurements of total number concentration of
particles larger than ~10 nm (CN10). The ship- and aircraft-
based measurements of particle number concentrations have
limitations in the duration of the observations, but provide a
much wider spatial coverage, which is necessary for global
3-D comparisons. The particle number concentration data

from these measurement campaigns and monitoring stations
can be used to assess the ability of various nucleation
schemes to capture the absolute values as well as the spatial
distributions of particle number concentrations.

[15] Figure 5 shows the horizontal spatial distributions of
annual mean number concentrations of CN10 averaged
within the lower boundary layer (0-0.4 km), simulated with
the six nucleation schemes described in Table 1. Overlaid on
each panel for comparison (symbols) are the 19 observed
annual or multiple-year averaged CN10 values compiled in
Yu and Luo [2009] plus two additional data points from recent
literature: 2730 cm ° in Mukteshwar, India [Komppula et al.,
2009], and 2030 ¢m > in Mount Waliguan, China [Kiveks
et al., 2009]. A more specific comparison of simulated
CN10 with observed values is presented in Figure 6 where
the simulated values based on different nucleation schemes
are plotted against corresponding observed values. It is
clear from Figures 5 and 6 that, under the present model
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Figure 6. Comparison of annually averaged number con-
centrations of CN10 observed at 21 sites shown in Figure 5
with those simulated on the basis of six different nucleation
schemes described in Table 1. The solid line shows a 1:1 ratio,
the dashed lines show ratios of 2:1 and 1:2, and dot-dashed
lines show ratios of 5:1 and 1:5.

assumptions regarding primary emissions and other factors
that affect CN concentrations, CN10 values simulated on the
basis of IMN agree reasonably well with observations
(within a factor of 2 for most sites), while those based on
CBHN, KBHN, and IIN underestimate the CN10 values by
a factor of 2-10 for most sites. The CN10 values based on
empirical formulas (EAN, EKN) are generally higher than
observed ones (i.e., above 1:1 line) but are within a factor of
~2 for most sites. IMN, EAN, and EKN overpredict CN10
by a factor of more than 2 for two, five, and nine sites,
respectively. Although the annual mean nucleation rates
predicted by different nucleation schemes differ by several
orders of magnitude (Figure 3), the differences in the sim-
ulated CN10 are generally within one order of magnitude
because of the emission of primary particles, coagulation,
and transport. We would like to acknowledge that the
present comparisons are subject to uncertainty associated
with the parameterizations of primary particle emissions
[e.g., Pierce and Adams, 2006] and interannual variations in
the observed CN10 [e.g., Dal Maso et al., 2008]. While
secondary particles dominate CN concentration in most parts
of the troposphere, primary particles can contribute substan-
tially to particle numbers near the source regions [ Yu and Luo,
2009], and they can influence secondary particles formation
via acting as condensation and coagulation sinks. Further
measurements to characterize the size-resolved primary par-
ticle emissions are needed to reduce the uncertainty.

[16] The comparisons shown in Figures 5 and 6 are lim-
ited to 21 sites over the continents. Figure 5 also indicates
large differences in the predicted particle number con-
centrations over oceans, especially between theoretical
models (IMN, IIN, CBHN, and KBHN) and empirical for-
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mulas (EAN and EKN). The ship-based data archived on the
NOAA Pacific Marine Environmental Laboratory (PMEL)
Atmospheric Chemistry Data Server provide an extensive
set of aerosol number concentration data with large spatial
coverage over the oceans and can be used to assess the
modeled predictions. Figure 7 shows the total number
concentrations of condensation nuclei larger than 4 nm
(CN4) simulated with six different nucleation schemes.
The symbols overlaid on each panel are the measured
values from 13 ship-cruise campaigns taken by the
PMEL atmospheric chemistry group (MAGE-92, RITS-93,
RITS-94, ACE-1, ACE-2, INDOEX99, NAURU99, ACE-
Asia, NEAQS-2002, NEAQS-2004, TexAQS-GoMACCS,
ICEALOT, and VOCALS; see http://saga.pmel.noaa.gov/
data for more information) and another ship cruise from the
English Channel to the coast of Antarctica reported by
Koponen et al. [2002]. It should be noted that the model
results in Figure 7 represent annual mean values (for year
2006), while the observations for a given ship cruise rep-
resent average number concentrations of particles detected
during a certain period of time in a specific month of a
certain year. This kind of comparison (including the one
discussed below for aircraft data) is necessary to establish
the global 3-D pictures of particle number concentrations,
and is justified by the relatively small seasonal and annual
variations of total particle number concentrations over
remote oceans and in the middle and upper troposphere. The
number concentrations measured during some cruises are for
particles larger than ~3 nm while others are for particles
larger than ~5 nm. For comparison, the simulated results
shown are for particles larger than 4 nm. The difference
caused by different cut-off sizes is less than ~10-20%.

[17] The ship data show clearly that total aerosol number
concentrations over the ocean are generally below 1000 cm >
except near coastal regions. The EAN and EKN schemes
overpredict the CN4 over tropical and subtropical oceans by
a factor of up to ~10. Such a significant overprediction
clearly indicates that the empirical formulas derived from
the measurements taken in several land-based stations
[Riipinen et al., 2007; Kuang et al., 2008] are likely to be
invalid over the tropical and subtropical oceans. Under the
present model assumptions regarding primary emissions and
other factors that affect CN concentrations, the simulations
based on the IMN scheme capture the observed CN4 gra-
dients near the coast regions of Asia, India, Europe, and the
eastern United States. The simulated CN4 over remote
oceans based on the IMN scheme are generally within a
factor of 2 when compared to ship data. The factors con-
tributing to the difference at a specific location include the
uncertainties in the model (emission, chemistry, micro-
physics, transport, and scavenging) and observations
(counting efficiency for small particles, etc.), seasonal
variations (annual mean versus daily mean), and spatial
inhomogenuity (grid-box average versus value at a specific
location). Overall, the IMN prediction agrees well with ship
data. The low CN4 over remote oceans predicted by BHN
and IIN schemes are generally consistent with the ship data,
indicating that in situ nucleation is not necessary to explain
the observed CN4 over remote oceans. Nevertheless, BHN
and IIN significantly underpredict the CN4 near the coastal
regions, associated with the underpredictions of nucleation
and particles over major continents (Figures 5 and 6).
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mean number concentrations of particles larger than

4 nm (CN4) in the lower boundary layer (0-0.4 km) simulated with six different nucleation schemes

described in Table 1. Overlapped on the plots for

comparison are ship-based measurements of CN4

during 13 ship-cruise campaigns taken by the PMEL Atmospheric chemistry group and another ship
cruise from the English Channel to the coast of Antarctica reported by Koponen et al. [2002].

[18] So far, our comparisons with measurements have
been limited to surface-based measurements of particle
number concentrations in the lower boundary layer. To
assess the vertical structure of global particle number con-
centrations, we use the total number concentrations of
ultrafine condensation nuclei (UCN) measured with a CN
counter (low cut-off size ~3-4 nm, high cut-off size
~3000 nm) during a number of aircraft-based field cam-
paigns (GLOBE, ACE-1, PEM-Tropics A and B, TRACE-P,
INTEX-A, NAMMA, TC-4, and ARCTAS). Information
about these field measurements can be found in the work by
Clarke and Kapustin [2002], NASA’s Global Tropospheric
Experiment (GTE) database Web site, and corresponding
field campaign websites. Figure 8 gives 3-D and 2-D spatial
distributions of the observed UCN concentrations. Figure 8a
contains about 63,000 1-minute-average data points, plotted
in the 3-D coordinate system based on the measurement

locations (longitude, latitude, and pressure or sigma). In
Figure 8b, to avoid overlap owing to the large number of
data points, the sigma-latitude cross section is divided into a
0.01° x 1° grid, wherein all data, at all longitudes, are
averaged. The data shown in Figure 8, obtained during nine
different airborne field campaigns, cover a wide range of
areas and seasons. The high UCN regions in the tropical
upper troposphere and northern midlatitude lower tropo-
sphere, and low UCN regions in the tropical lower tropo-
sphere and the Arctic, can be clearly seen from Figure 8.
The large amount of UCN data given in Figure 8, along with
a number of other airborne measurements reported in the
literature [e.g., Brock et al., 1995; Heintzenberg et al., 2003;
Lee et al., 2003], consistently show that the average UCN
concentration in the tropical upper troposphere is generally
in the range of ~5000-10,000 cm* at standard temperature
and pressure (STP). The UCN concentrations in the tropical
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Figure 8. (a) Three-dimensional and (b) 2-D spatial distributions of ultrafine condensation nuclei
(UCN) measured with CN counter (with low cut-off size of ~3—4 nm) during a number of aircraft-based
field campaigns (GLOBE, ACE-1, PEM-Tropics A and B, TRACE-P, INTEX-A, NAMMA, TC-4, and
ARCTAS). Figure 8a contains about 63,000 1-minute-average data points. In Figure 8b, the sigma-
latitude cross section is divided into 0.01° x 1° grids, wherein all data within a grid (at all longitudes) are
averaged. The values have been normalized to standard temperature and pressure (STP, 1000 mbar and

298 K).

lower troposphere and the Arctic are generally below ~500—
1000 cm > at STP.

[19] To compare the simulated UCN concentrations with
aircraft-based measurements, we select modeling output
data points at the locations (longitude, latitude, and altitude)
corresponding to those observed. Figure 9 shows the 2-D
distributions of these selected modeling data points (aver-
aged in the same way as for the observed data shown in
Figure 8b) based on six different nucleation schemes.
Similar to Figure 7, the model results in Figure 9 represent
annual mean values (for year 2006), while the observations
in Figure 8 represent average number concentrations of
particles detected during a certain period of time on a spe-
cific day of a year. The low cut-off size of CN counter is
~3 nm in some measurements and is ~4 nm in others. The
simulated results are for all particles > 4 nm. Both observed
values in Figure 8 and modeled values in Figure 9 have been
normalized to standard temperature and pressure (STP =
1000 mbar and 298 K).

[20] Figures 8 and 9 show that observed UCN con-
centrations have clear vertical structures and different
nucleation schemes predict quite different vertical features
of CN4. The CN4 values in the middle troposphere (~500—
600 mbar) predicted by IMN are somehow higher than the
observed ones, while those in the lower troposphere at la-
titudes of ~25°N to 50°N are somehow lower than the
observed values. The uncertainties in the model processes
and observations, seasonal variations, and spatial inhomo-
genuity may all contribute to the difference. CBHN, KBHN,
and IIN significantly underpredict UCN concentration in the
lower troposphere (below ~500 mbar). CN4 values based on
CBHN are in reasonable agreement with observed values at
higher altitudes (~300-500 mbar). However, CBHN over-

predict the particle number concentration in the upper
troposphere (~200 mbar), likely as a result of the over-
prediction in the nucleation rates (Figure 4d) associated with
the capillarity approximation implied in CBHN [Yu, 2007].
KBHN and IIN lead to the formation of new particles in the
upper troposphere, but the predicted concentrations are
smaller than IMN and are not able to account for the
observed values. The overprediction of particle number
concentrations over tropical oceans by EAN and EKN
extends from the surface (also see Figures 7¢ and 7f) to
around ~400 mbar. All nucleation schemes predict relatively
low CN4 values over the Arctic region, in agreement with
the data.

[21] The IMN prediction captures the low CN con-
centrations over tropical oceans and the observed minimum
particle number concentration in the middle troposphere
over middle latitudes in the Northern Hemisphere. In
agreement with observations, IMN predictions indicate two
peak particle number concentration zones: one located in the
boundary layer over continents at middle latitudes in the
Northern Hemisphere and the other in the tropical upper
troposphere. Such a two-peak distribution can also be seen
from 1IN, CBHN, and KBHN simulations. The zone in the
boundary layer is a result of high anthropogenic sulfur
emissions. In contrast, the zone in the tropical upper tro-
posphere appears to be largely associated with naturally
emitted sulfur species (DMS and oxidation products) and
clean marine air lofted by convection and scavenged of most
preexisting particles. The downward transport of particles
formed aloft is a major source of sulfate particles in the
tropical regions (especially over oceans), which can be seen
clearly from the vertical profile of sulfate particle size dis-
tributions in the region [Yu and Luo, 2009]. The downward
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