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Particle Production near Marine Clouds:
Sulfuric Acid and Predictions from Classical Binary Nucleation

A.D. Clarke,1 V.N. Kapustin,1 F. L. Eisele,2 R.J. Weber,3 P. H. McMurry4

Abstract. Recent experiments demonstrate that cloud proc-
esses in the free troposphere, and at times in the marine
boundary layer (MBL), can result in the production of new
aerosol particles linked to sulfuric acid production that is
photochemically driven. Here we provide observational evi-
dence from the tropics and mid-latitudes indicating that this
nucleation is often in accord with predictions of classical bi-
nary nucleation theory when it is applied to the high humidity
environment near evaporating clouds edges located above the
MBL. Coupled with suitable models for the relevant chemical
species and conditions, these observations suggest a means for
modeling natural particle production in these regions.

Introduction

Substantial efforts are currently underway to improve our
understanding of both anthropogenic and natural aerosol be-
cause of their potential to affect global climate through the di-
rect scattering of sunlight back to space (direct radiative forc-
ing) and alteration of cloud reflectivity through an increase of
cloud condensation nuclei (CCN) and associated cloud droplet
number (indirect radiative forcing) [NRC Report, 1996].
Aerosol sulfates are important because they constitute a major
aerosol species that can dominate aerosol number, aerosol op-
tical properties and those particles active as CCN. Recent pro-
gress has been made in linking sulfur mass emissions to
measured concentrations and modeled aerosol burdens on
global scales [Benkovitz and Schwartz, 1997]. However, the
nonlinear processes that govern aerosol formation and evolu-
tion have limited similar assessments for aerosol number.
This is needed to model processes that link their formation
and evolution to CCN and their possible climatic effects.

Relatively stable nuclei concentrations observed over ex-
tended regions of the remote oceans [Covert et al., 1996;
Clarke et al., 1987] imply that new patrticles are required to
sustain these concentrations against removal via precipitation.
While sea salt particles generally dominate marine aerosol
mass [Woodcock, 1953], the smaller sulfate usually dominates
aerosol number and CCN [Clarke et al., 1987]. The major
natural oceanic sulfur source is dimethylsulfide (DMS) [Bon-
sang et al., 1980] but evidence for new particle formation in
the MBL that might sustain sulfate aerosol number has been

!School of Ocean and Earth Science and Technology, University
of Hawaii, Honolulu, Hawaii

’National Center for Atmospheric Research, Boulder, Colorado
and Georgla Institute of Technology, Atlanta, Georgia

3 School of Earth and Atmosphere Sciences, Georgia Institute of

Technology, Atlanta, Georgia

*Particle Technology Laboratory, University of Minnesota, Min-
neapolis, Minnesota

Copyright 1999 by the American Geophysical Union.

Paper number 1999GL900438.
0094-8276/99/1999GL900438$05.00

limited and ambiguous [Hegg et al., 1990; Covert et al.,
1992]. However, high concentrations of small particles in the
free troposphere (FT) near deep convective clouds [Clarke,
1993; Perry and Hobbs, 1994; Hoppel et al., 1994; Clarke et
al., 1998a] suggested conditions aloft could promote the nu-
cleation of new particles that can later subside and mix into
the MBL [Raes, 1995]. Recent experiments [Clarke et al.,

1998a; Weber et al., 1999] confirmed that clouds can vent gas

phase precursors aloft where photochemistry resulted in ele-
vated (o) concentrations associated with new narhr‘hac
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Here we compare data from diverse flights w1th related
values predicted from classical binary nucleation theory. We
follow the treatment of Wexler et al. [1994]. Here the
H,SO4(g)/water system are the presumed nucleating species,
and approximations to classical binary nucleation theory lead
to an expression for the critical concentration of H,S04(g),
Cerit» required for a nucleation rate of J = 1 cm’ 351, This ex-
pression depends only on ambient temperature T (K) and rela-
tive humidity RH (0-1) and has this form:

Ceri = (Const.) exp(0.17 - 3.5 RH - 27.7) ¢9)

Values obtained from this expression can be compared to
ambient H,SO,(g) concentrations, C,, measured during both
campaigns using a selected-ion chemical-ionization mass
spectrometer [Mauldin et al., 1999]. When C_, = C;, nuclea-
tion is expected. The classical nucleation model of Doyle
[1961] is often used and is the basis for the calculations of Cgy,
although the appropriate formulation remains controversial.
An alternative model [Wilemski, 1984}, which corrects for a
thermodynamic inconsistency in the Doyle model, predicts
significantly lower atmospheric nucleation rates [Kulmala et
al., 1998]. However, both models make simplifying assump-
tions for the hydration of H,SO4(g) vapor. Comparisons to
laboratory measurements suggest that these assumptions may
result in under-predicting binary nucleation rates [McGraw
and Weber, 1998]. A study of two isolated clouds during the
First Aerosol Characterization Experiment (ACE1) revealed
that conditions present for nucleation fell between those pre-
dicted by the two models [Weber et al., 1999]. One must
view the current prediction of binary nucleation rates as un-
certain; however, because C. is less sensitive to these uncer-
tainties than predicted nucleation rates, it can provide useful
insights into conditions for the onset of binary nucleation.

We have shown previously that during photochemically
active periods the regions near cloud outflow can be the
source of elevated sulfuric acid and prompt the nucleation of
particles [Clarke et al., 1998a; Weber et al., 1999]. These
were evident even when RH values were reduced to 50% by
dilution with adjacent dry air having much lower particle con-
centrations. Our hypothesis here is that if most of the elevated
nuclei concentrations found aloft during ACE1 and the Pacific
Exploratory Mission — Tropics A (PEMT) originate in cloud
outflow, then RH will have been near 95% early in this proc-
ess. Associated near-cloud H,SO4(g) concentrations can be
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relatively high during the day since the high actinic flux near
and above clouds can increase the production of OH by more
than a factor of two [Mauldin et al., 1999], which in turn pro-
duces more H,SO4(g). Also, OH concentrations are enhanced
by increased H,O near clouds. Subsequent mixing with FT is
expected to reduce both RH and H,SO4(g) but we assume
temperatures to change far less.

Equation 1 involves ambient 7 and RH measured coinci-
dent with the H,SO,(g) and nuclei measurements. However,
in keeping with our hypothesis, we define a new parameter,
Ceios, that is given by Eq. (1) when calculated at 95% RH, a
value arbitrarily selected for the vicinity of recently evapo-
rated cloud during initial mixing with the drier FT environ-
ment. It is low enough to ensure that most cloud drops are
evaporated so that remaining particle surface areas are low,
but it is high enough so that mixing and a dilution with dry FT
air is also limited. Use of some other similarly high RH will
not significantly influence our interpretation. This “corrects”
Eq. 1 to RH conditions near cloud outflow, assuming tem-
peratures are the same. However, the same mixing/dilution
with FT air that lowers RH will also tend to lower concentra-
tions of H,SO4(g). At the same time FT air often has lower
aerosol surface area thus reducing the H,SO,(g) loss rate.
This compensates for reduced production and suggests that
variations in measured H,SO, should track variations in
H,SO, that occurred at 95% RH. Here, we have not tried to
“correct” the measured concentrations to near cloud condi-
tions but expect them to be generally higher than those meas-
ured.
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Figure 1. (A) PEMT (1996) flights (7) in equatorial zone. Alti-
tude segments below 3 km are shaded. Higher altitudes include
portions where high nuclei counts were encountered that ap-
peared associated with earlier cloud processes. (B) The two
ACEI1 (1995) missions in and near cloud outflow.
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Figure 2. Water vapor mixing ratio and H,SO4(g) (note variable
values for constant altitude legs) for 6 PEM-T flights (7-13) (Fig-
ure 1A). Values for H,SO,(g) (molecules/cm®) are at STP and on
a linear scale so vertical variations are more readily apparent.

Observations

The data presented here were from flights from the PEMT
and ACE1 experiments (Figure 1). Previous papers [Clarke et
al., 1998a, b] have described the environmental conditions
and observations associated with many of these flights. The
influence of cloud-driven mixing is supported by the vertical
structure in measurements of the water vapor mixing ratio and
H,S0,(g) from the 7 PEMT flights shown in Figure 2. The
H,SO4(g) concentrations are highly variable but show moder-
ately high values in the marine boundary layer (MBL), where
most convective clouds have their roots, and lowest values in
the FT. The intermediate region from 2-6 km that is influ-

enced by cloud-driven air clearly includes most of the highest

concentrations observed for both water vapor and H,SO,(g).
When nucleation is evident and if classical binary nucleation
theory is relevant then measured H,SO4(g) concentrations
should approach C;sin these and similar regions.

Aerosol nuclei concentrations (15-s averages) indicative of
recent nucleation are those in the 3-10 nm range and identified
by differences in the TSI 3025CN counter [Stoltzenberg and
McMurry, 1991] (detection limit of ~3 nm) and the TSI 3010
condensation nuclei counter (detection limit of ~10 nm),
hereafter referred to as “ultrafine” CN. More limited data for
concentrations of particles in the 3-4 nm range and averaged
over 1 min. were also obtained during ACE1 [Weber et al.,
1998]. These data are combined in Figure 3 and shown with
the measured H,SO4(g) concentrations, the value of C,; and
Cerios defined above. For the ACE1 cloud cases (Figures
3a.b), H,SO4(g) concentrations equal or exceed near surface
values until about 4.5 km, corresponding to the maximum al-
titude of clouds observed during these flights. Above 4.5 km
H,S0,(g) drops by about an order of magnitude and “ultra-
fine” particles drop to within the uncertainty of the difference
measurement. Ultrafine CN and H,SO,(g) concentrations are
greatest in cloud outflow regions from 2 to 4 km, as are the
smallest nuclei (3 to 4 nm range) indicative of recent nuclea-
tion. Here H,SO4(g) concentrations are generally below C.g
but above C.9s, indicating that classical binary nucleation
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Figure 3. Vertical profiles of in-situ H,SO,(g) concentrations (red dots), Cy;; (green dots) and Cy5 (black dots) in
units of molecules cm™ (not at STP). Ultrafine concentrations of particles in the 3-10 nm range (blue dots) and
smallest nuclei in the 3-4 nm range that exceed 10 cm (orange dots-ACE1 only) are also shown. (A) ACE1 flight
27, near-cloud afternoon active photochemistry; (B) ACEL1 flight 17, exploratory cloud outflow study; (C) six

PEMT equatorial flights showing enhanced ultrafine nucle:

i where H,SO,(g) concentrations approach Cy ¢5; (D)

PEMT flight 19 (Figure 1A) with very high H,SO4(g) at surface and high RH and low aerosol surface area due to

recent MBL precipitation. This resulted in dramatic near su
of nucleation aloft (2-4 km).

theory would predict nucleation if it had occurred at high RH
near cloud edges. H,SO4(g) concentrations are frequently
higher on flight 27 and, unlike flight 17, values of C.; and
C.riros are often similar because of the high RH measured near
cloud. Below the inversion near 1.5 km, H,SO,4(g) concentra-
tions are much lower and less than both C; and Cp9s, mak-
ing binary nucleation unlikely there.

A similar plot (Figure 3b) includes 6 PEMT flights (Figure
1a) near equatorial regions but not near clouds. Here deep
convection can feed the FT with cloud-pumped air on either
side of the inter-tropical convergence zone (ITCZ). Over this
extensive region (latitude 20N-20S, longitude 140-160W, and
up to 8.5 km) the H,SO,(g) concentrations vary markedly but
are in the range of near-surface values. High near-surface
DMS concentrations lead to greater net production of
H,S0,4(g) in the MBL than aloft [Clarke et al., 1998b]. How-
ever, aerosol surface areas in the MBL usually exceed 30 pm’

rface nucleation (note scale change) as well as evidence

cm™ (dry) compared to less than 3 um’ cm™ aloft resulting in
order-of-magnitude greater loss rates in the MBL that tend to
keep H,SO,(g) concentrations low. Elevated ultrafine CN are
most pronounced between about 4 to 8.5 km and associated
with locations where H,SO4(g) values approach or exceed
Cerios. Here C,y and Cpyo5 often differ by an order of magni-
tude, due to the low measured RH away from recent cloud
outflow. As discussed earlier, post-cloud mixing that lowers
RH will also lower H,SO4(g) concentrations such that many
observed PEMT values can be expected to lie below Cegypos
when compared to near-cloud ACE1 data in Figures 3a, b.

It is of interest to compare these typical cases to an unusual
observation of nucleation in the MBL [Clarke et al., 1998b]
made on flight 19 of PEMT (Figure 1a). This occurred under
high RH in the MBL associated with recent precipitation
scavenging that reduced measured ambient “wet” aerosol sur-
face areas to below 7 um*/cm’ and created near-surface condi-
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tions similar to cloud outflow. Even though near-surface
H,S0,(g) is much higher than all other cases observed, it is
about an order of magnitude below Ceuos. The very high,
near-surface ultrafine concentrations observed appear incon-
sistent with classical binary nucleation theory and suggest
other mechanisms such as ternary nucleation involving am-
monia [Weber et al.,1998] or enhanced ion concentrations
(high lightning frequency was observed) may be involved.

These data indicate that nucleation near evaporating cloud
boundaries in both mid-latitude and equatorial marine envi-
ronments is consistent with classical nucleation theory.
Measured and modeled [Davis et al., 1999] photochemical
production of H,SO,(g) concentrations near levels expected
from classical binary nucleation are in accord with precursor
species, enhanced actinic flux, elevated water vapor, and low
surface areas (about 5 umZ/cm3) in this cloud-scavenged air.
We note that these observations do not confirm the validity of
this formalism but they do support its use as a predictive tool.
Hence, knowledge of the distribution of precursor species
such as DMS, OH, or SO, and a parameterization of convec-
tion and ambient lapse rate could be used with an appropriate
chemical model to predict plausible H,SO4(g) concentrations
possible in cloud outflow regions. In conjunction with the ap-
plication of Cyos this may allow prediction of the location,
altitude and time of day where such nucleation could occur
and lead to improved models for the genesis and cycling of
aerosol number in the remote atmosphere.
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