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Particle Nucleation in the
Tropical Boundary Layer and Its
Coupling to Marine Sulfur
Sources

A. D. Clarke,* D. Davis, V. N. Kapustin, F. Eisele, G. Chen,
I. Paluch, D. Lenschow, A. R. Bandy, D. Thornton, K. Moore,
L. Mauldin, D. Tanner, M. Litchy, M. A, Carroll, J. Collins,
G. Albercook

New particle formation in a tropical marine boundary layer setting was char-
acterized during NASA’s Pacific Exploratory Mission-Tropics A program. It
represents the clearest demonstration to date of aerosol nucleation and growth
being linked to the natural marine sulfur cycle. This conclusion was based on
real-time observations of dimethylsulfide, sulfur dioxide, sulfuric acid (gas),
hydroxide, ozone, temperature, relative humidity, aerosol size and number
distribution, and total aerosol surface area. Classic binary nucleation theory
predicts no nucleation under the observed marine boundary layer conditions.

Condensation nuclei (CN) concentrations
over remote marine regions generally exhibit
remarkable stability, typically being several
hundred per cubic centimeter (/, 2) even
though cloud processes and precipitation rap-
idly deplete the CN population. This implies
a source that continually restores this popu-
lation, the origin of which remains poorly
understood. Oxidation of gaseous oceanic
sulfur emissions in the form of dimethylsul-
fide (DMS) has been proposed as a potential-
ly important source (3, 4). Although some
results suggest its importance through gas-to-
particle conversion (GPC) in the form of
nucleation (5—&), other observations indicate
otherwise. For example, in the boundary lay-
er (BL), where typically large aerosol surface
arcas arc present, most GPC is believed to
involve growth in preexisting aerosol rather
than formation of new particles (2, 9—13).
Thus, most models predict nucleation to be
unimportant in this setting (/3, /4), suggest-
ing instead that it would be favored at high
altitudes where both the temperature and
acrosol surface area are substantially lower
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(9, 14). Understanding aerosol formation and
growth to sizes effective as cloud condensa-
tion nuclei is a critical element in improving
our ability to assess the potential role of
acrosols in climate forcing (/5). Here we
present near-surface airborne results, which
place constraints on both particle propertics
and levels of gas-phase sulfur species and
thus challenge current models.

NASA's Pacific Exploratory Mission—
Tropics A (PEMT) instrumentation aboard
the NASA P3-B aircraft enabled extensive
characterization of acrosols, major gas-phase
sulfur species, and photochemically active
compounds. The aerosol instrumentation (/6)
allowed for evaluation of the size and number
distribution, total aerosol surface area, and per-
centage of refractory material present. The gas-
phase instrumentation provided continuous
measurements of the key species OH, H,SO,,
SO,, and DMS as well as CO, H,0, NO, O,,
nonmethane hydrocarbons (NMHCs), ultravio-
let (UV) irradiance, and numerous meteorolog-
ical parameters (/7).

On 23 September 1996, the P3-B flew
north from Quayaquil, Ecuador (flight 19),
with the objective of examining chemical
processes over a marine region just to the
south of 8°N. This was thought to be a region
potentially rich in DMS emissions. Equally
interesting, this region also defined the east-
ern end of the intertropical convergence zone
(ITCZ) and had recently experienced signif-
icant deep convection. Near 8°N the aircraft
descended to about 160 m for a 1-hour (360
km) BL leg in westerly surface winds off the
west coast of Panama (from 8°N 86°W to
5.5°N 85°W). The vertical profile included
multilayer clouds and a wet adiabatic lapse
rate below 1.3 km. The near-surface layer

was dry adiabatic below 280 m on descent
and below 180 m on the ascent. The 160-m
leg had broken low clouds with relative
humidity (RH) near 94% = 3% but with
frequent small clear areas that increased
toward the end. A few brief periods of
precipitation lasting 10 to 50 s were also
encountered.

Acrosol surface area, ultrafine CN (UCN),
the CN/UCN ratio (/6), and H,SO,(g) tem-
poral profiles observed during the BL run
have been divided into five distinct regions as
shown in Fig. 1, A and B. These observations
are closely linked to the dynamic changes in
the size distributions shown in Fig. 1C. Re-
gion 1 reveals evidence of earlier nucleation
with nuclei reaching 20 nm. Region 2 is seen
having low surface area and high H,SO.(g)
favorable to the onset of nucleation. Region 3
has low surface area and depleted sulfuric
acid and a low CN/UCN ratio, indicating that
nucleation is under way (see below). Region
4 has the highest concentrations of nuclei
after a nuclear event, and region 5 shows no
evidence of recent nucleation.

Expanding the time scale (Fig. 2) suggests
that the most active nucleation (lowest CN/
UCN ratio) occurred over a distance of 20 km
in region 3 in association with the lowest
temperature for the leg and during which time
a small shower occurred. The lowered tem-
perature (Fig. 2A) and strong inflection in the
CN/UCN ratio between regions 3 and 4 are
consistent with recent or ongoing nucleation
early inregion 3. Near the end of region 3 and
throughout region 4 the temperature increase
is associated with decreasing concentrations
and aecrosol growth (Fig. 1C). During the
period of lowest temperatures and highest
UCN, the O, concentrations remained below
5 parts per billion by volume (ppbv), indicat-
ing that the air parcel and its newly formed
nuclei originated below 1.3 km. (Note that O,
concentrations increased rapidly to 25 ppbv
at altitudes near 1.6 km.)

The coupling between DMS and gas-to-
particle conversion via nucleation was ex-
plored through model simulations (/8), as
constrained by observational data for the
most critical species and parameters. These
included: DMS, OH, SO,, H,SO,, UCN, CN,
total aerosol surface area, temperature (7),
and RH. The local DMS sea-to-air flux was
estimated at 5.7 pmol'm~2-day~! and was
derived with a mass balance—photochemical
modeling approach (/9-27). This estimate
was constrained with observational DMS
data, and therefore a high degree of corre-
spondence was expected and found between
the observed and simulated values of DMS
(Fig. 3). This flux estimate is consistent with
values for other high-productivity regions in
the Pacific (20, 22-25). The link between
DMS and SO, was based on a chemical
mechanism derived in previous work (26)
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and constrained by observational data (OH,
DMS, and SO,). In these simulations both the
efficiency factor (EF) for conversion of DMS
to SO, and the first-order loss of SO, (aerosol
scavenging and cloud and ocean surface loss)
were key adjustable parameters fixed at val-
ues of 0.7 and 1.3 X 1073 s™!, respectively,
and derived from other sulfur field studies
(20, 27). As shown in Fig. 3, good agreement
was found between predicted and observed
SO,

A satisfactory coupling of DMS to new
particle formation also requires that the
observed SO, be capable of sustaining the
observed H,SO,(g). In these simulations
the SO,/OH reaction was taken to be the
major source of H,SO,. The major H,SO,
sink was taken to be scavenging by the
measured aerosol surface area with a
H,SO, sticking coefficient (o) of 0.6 =
0.3, a value estimated from other tropical
field data (20). During flight 19, the result-
ing formation rate for H,SO,(g) ranged
from an early-morning value of 102 mole-
cules per cubic centimeter per second to a
near-noon maximum of about 10* mole-
cules per cubic centimeter per second. For
the time period of the nucleation event at
14:00 hours, the value was 7.7 X 10 mol-
ecules per cubic centimeter per second.

The above evaluation of the steady-state
mixing ratio for H,SO, requires specification
of aerosol total surface area. We ran two sce-
narios involving fixed surface areas of 75 and
13 pm?cm?. These represent a minimum wet
surface area for the in-cloud case and a median
value for between-cloud conditions found dur-
ing the BL flight leg. The corresponding
H,SO,(g) lifetimes for these two cases were 12
and 70 min, respectively. The resulting daytime
model generated H,SO, concentrations as
shown in Fig. 4. In model 3 a shift in the total
aerosol surface from 75 to 13 pm?cm® was
invoked to simulate a thin cloud dissipating into
the BL air. These simulations show that the
difference in H,SO, concentrations depends
linearly on the surface area difference. The 75
pwm?/cm?® surface area scenario (thin cloud) re-
sults in H,SO(g) values well below those ob-
served for out-of-cloud conditions, whereas the
13 pm?/cm? surface area simulation approach-
es the observed maximum values. The model 3
simulation shows how fast H,SO,(g) could po-
tentially increase during midday hours after a
BL air parcel is processed by clouds, given
reasonably conmstant concentrations of SO,.
This rapid buildup of high concentrations of
H,SO, strongly favors heteromolecular nucle-
ation. The spatial fluctuations in the observa-
tional data, in conjunction with the model sim-
ulation results, make a convincing case that the
oxidation of marine-released DMS was the ba-
sis for the observed new BL aerosol formation.

To compare our observations with those
predicted from classic nucleation theory we
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have used an approximation equation that
expresses the critical concentration C_,
(rg'm™?3) of H,50,(g) required to achieve
a nucleation rate of J = 1 em™3 (28). In
making this comparison, we also assume

that our 1.5-km spatial resolution reflects

Fig. 1. (A) Five regions revealing

mean steady-state conditions.
Coie = 0.16 exp(0.17 — 3.5RH — 27.7) (1)

Equation 1 predicts that when the ambient
concentration C, exceeds C_,, the excess

H,SO, mass becomes available to form new

different conditions for nucle-
ation and characteristic UCN and
CN/UCN ratios (76) during the
flight 19 BL leg. Enhancements in
small nuclei are revealed by the
ratio of CN (Dp > 10 nm) to
UCN (Dp > 3 nm). Region 1 has
elevated UCN upon entering the
BL at 13:23 hours that diminish
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after about 120 km, defining the
new region 2 with low surface
area and high H,50,(g) concen-
tration. Very high concentrations
of UCN indicate recent nucle-
ation just before 14:00 hours
(regions 3 and 4) followed by
unusually low nuclei counts near
50 per centimeter (region 5),
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most likely due to scavenging by
recent precipitation. [More typi-
cal equatorial BL values are in
the range 300 to 400 per cubic
centimeter (7, 2, 70)]. (B) Aero-
sol dry surface area for sizes
above and below 0.25-pm and
associated H,SO,(g) concentra-
tions. Estimated total wet sur-
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cm® at 95% RH (about three
times dry values) is smaller than
all other BL values during PEMT
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(typically 30 to 200 pm?/cm®) and lowest before apparent active nucleation near 13:52 hours. The
increase in small aerosol (Dp < 0.25 pm) surface area near 14:00 hours is from newly formed nuclei
that account for about 0.7 X 107 molecules per cubic centimeter of H,50,(g) lost to this size range
alone and consistent with the lower concentrations in this region. H,50 ,(g) is highest in region 2 (no
detectable nucleation) and lowest in regions 3 (ongoing active nucleation) and 4 (aging nucleation
event). (C) RDMA size distributions shown as concentration isopleths of diameter (logarithmic) versus
time reveal a marked decrease at all sizes just before the region of active nucleation near 13:55 hours.
The number peak near 60 nm seen above the BL on descent and ascent is also present in the BL but at
much reduced concentrations because of scavenging, In region 5 populations of 60-nm particles are low
and stable but increasing concentrations of 240-nm particles are primarily responsible for the increases
in aerosol surface area (B) that can suppress nucleation.

Fig. 2. (A) On this expanded
scale for Fig. 1 temperatures
drop to the lowest recorded dur-
ing the BL leg, indicative of evap-
orative cooling associated with
subsidence and probably related
to the 15-s rain event at 13:56
hours. (B) Near 13.54 hours the
CN/UCN ratio decreases to 0.15
within the 15-s averaging inter-
val just as UCN start to increase.
The CN/UCN ratio increases
briefly to 0.4 and UCN decrease
during the light rain event, indi-
cating suppressed nucleation.
Then the CN/UCN ratio drops to
its lowest value before increas-
ing to 0.5 at 13:58 hours and the
UCN population increases rapid-
ly, indicating steady increases in
particle number and size in re-
gion 4.
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particles. Thus, values for RH and T define
C,,;, for an air parcel that can be compared to
the measured C,. Higher altitudes (lower T)
and near cloud conditions (high RH < 100%)
with elevated H,SO(g) represent the most
favored regions for nucleation. Within clouds
(RH > 100%) measurements confirmed that
the large increase in droplet surface area
scavenges most available H,SO,(g). Howev-
er, the nonlinear dependence on RH and T
caused by fluctuations within a near cloud
environment can provide favorable condi-
tions for nucleation (29). For air parcels of
this type, the highest observed concentrations
of H,50,(g) should approach the values
needed for a potential nucleation event.

The subsiding air that supported the nu-
cleation event near 14:00 hours we infer to
lie between 0.3 and 1.3 km and probably near
0.6 km, as suggested by the highest UCN
level observed on the initial descent at 8°N.
In this case, the temperature should have been
about 4°C lower than that at 160 m with RH
near 98%. The variations in H,SO,(g) at 0.6
km are assumed to be similar to those ob-
served along the BL leg as revealed in the
short horizontal leg flown at 2 km (Fig. 1A).
The estimated C_,, for values of RH and T
measured at 0.16, 0.6, and 1.3 km (Fig. 5)
show that not even for the 1.3-km calculation

REPORTS

does C, approach C_,. Shortfalls such as this
have been noted (/4, 30). Hence, these BL
observations further demonstrate that classic
binary nucleation theory cannot be applied
without the use of a significant tuning factor.
This may point to a deficiency in classic
theory as applied to the current setting or
possibly to the existence of alternative mech-
anisms for nucleation. The latter might in-
clude ternary nucleation involving ammonia
emitted from the ocean surface (3/-35) or the
possibility that nucleation occurred on ions,
because heavy lightning activity was ob-
served during flight 19.

A final relevant issue concerns the time
required between the formation of a critical
H,SO, cluster and the actual detection of
UCN. This growth time can be approximated
given a known surface area and measured
quantities of H,SO(g) (36). Assuming a con-
stant H,SO,(g) concentration of 5 X 107
molecules per cubic centimeter (Fig. 1B), the
minimum time to grow from a simple H,SO,/
H,O cluster to 3 nm would be 0.5, 1, and 2
hours, given possible H,SO,(g) sticking co-
efficients (o) of 1, 0.7, and 0.3, respectively.
Under our conditions (o = 0.6) about 1 or 2
hours would be required for H,SO,(g) to
recover after depletion from cloud processing
and a similar amount of time would be re-
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fect of a sudden (<30
min) change in aerosol
surface area on H,SO,
concentrations, corre- 0.0

od =
=) o

[H,S0,] (107 molec./cm?)
. »
o

{

80
.
\ [ « Flight 19 Observation
| . | Modett
| ‘e [ | =——Mose
L — Mode3 60

= Surface Area (Modei3)

8

B8
Surface Area (um*/cm’)

sponding to evaporating
cloud boundaries.

14:00
Local Time

16:00 18:00

A b
.I'l.' | | J,L /
™ ' -"1'! It h
l ‘h \ I Y Y 1
= ARIATRL
§ S M |
7 | v
g
| .
2. ¥
5 J 1 W |
a |y o
=z [\ |
104 | L R N A I
I ‘
e |\
~I J‘r‘ A i I
r‘NM L.."W"M" v I‘lll‘-"N-A"‘I 'vr"\-\_, r“”wj‘ﬁ e
= . 14 Vi VALA
13:30 14:00 14:30
Local Time

Fig. 5. Measured H,SO (g} and corresponding
C,.ic for ambient conditions at 160 m (A) and
near cloud conditions at 600 m (a likely out-
flow region) (B) and at 1300 m (the highest
outflow region consistent with O, data} (C).
(D) Maximum measured H,SO,(g) concentra-
tions (the highest during any PEMT flight) lie
well below the minimum possible C

crit®

quired for nucleated aerosol to grow to a
detectable size. Assuming that the BL is de-
stroyed after a rain event and a nearly wet
adiabatic temperature and moisture profile
extends to the surface, we estimate from the
observed moisture flux, that it should take 3
to 8 hours for the BL to recover to the height
observed. Hence, sufficient time exists for the
formation process. These observations also
suggest that nucleation can take place for
H,SO,(g) levels in the BL that are nearly an
order of magnitude less than required by
classic nucleation theory, given the criteria of
J=1lem™3-s7L
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Synchronous Climate Changes
in Antarctica and the
North Atlantic

E. ). Steig,*{ E. J. Brook, J. W. C. White, C. M. Sucher,
M. L. Bender, S. J. Lehman, D. L. Morse, E. D. Waddington,
G. D. Clow

Central Greenland ice cores provide evidence of abrupt changes in climate over
the past 100,000 years. Many of these changes have also been identified in
sedimentary and geochemical signatures in deep-sea sediment cores from the
North Atlantic, confirming the link between millennial-scale climate variability
and ocean thermohaline circulation. It is shown here that two of the most
prominent North Atlantic events—the rapid warming that marks the end of the
last glacial period and the Balling/Allerad-Younger Dryas oscillation—are also
recorded in an ice core from Taylor Dome, in the western Ross Sea sector of
Antarctica. This result contrasts with evidence from ice cores in other regions
of Antarctica, which show an asynchronous response between the Northern and

Southern Hemispheres.

Objective correlation of isotope paleotem-
perature records from polar ice cores has
shown that some climate variations once
thought to be synchronous in both hemi-
spheres are in fact out of phase. For example,
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the Antarctic Cold Reversal (ACR), a period
of cooling that appears in many Antarctic
stable isotope records (/), has been compared
with the Younger Dryas (YD), a prominent
feature in Northern Hemisphere records (2).
Time series for the cores from Vostok and
Byrd Station, Antarctica, correlated to the
layer-counted records in central Greenland by
measurements of atmospheric trace gas con-
centrations in trapped air bubbles, show that
the ACR occurred at least 1000 years before
the YD (3, 4).

Geochemical climate proxies (5, 6) from
an ice core at Taylor Dome (77°48'S,
158°43'E, 2374 m above sea level), a near
coastal East Antarctic site at the western edge
of the Ross Sea (Fig. 1), exhibit large fluctu-
ations during the last glacial-interglacial tran-
sition and Holocene that are reminiscent of
those in central Greenland. Published records
from Taylor Dome, however, use a prelimi-
nary time scale (6) that precludes definitive
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