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The temporal and spatial distribution of boundary-
layer ozone was studied during June 2000 at Summit,
Greenland by surface-level measurements and vertical
profiling from a tethered balloon. Three weeks of con-
tinuous ozone surface data and 133 meteorological and
82 ozone vertical profile data sets were collected from
the surface to a maximum altitude of 1400 m above
ground. The lower atmosphere at Summit was charac-
terized by the prevalence of high stability conditions
with strong surface temperature inversions. These in-
versions succumbed to neutral to slightly unstable con-
ditions between appr. 9.00 and 18.00 hrs local time
with the formation of shallow mixing heights of typi-
cally 70-250 m above the surface. Surface ozone ranged
from 39 to 68 ppbv and occasionally had rapid changes
of up to 20 ppb in 12 hours. The diurnal mean ozone
mixing ratio showed distinct cycles indicating meteo-
rological and photochemical controls of surface ozone.
Vertical profiles were within the range of 37 to 76 ppb
and showed strong stratification in the lower tropo-
sphere. A high correlation of high ozone/low water va-
por indicated the transport of high tropospheric/low
stratospheric air into the lower boundary layer. An
appr. 1 to 4 ppb decline of ozone towards the sur-
face was frequently observed within the neutrally stable
mixed layer during midday hours. These observations
suggest that the boundary-layer ozone and ozone de-
pletion/deposition to the snowpack are influenced by
photochemical processes that follow diurnal dependen-
cies.
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Laboratory measurements involving nucleation,

condensation, and coagulation of sulfuric acid are de-

scribed. Studies were carried out using a laminar flow-

tube at atmospheric pressure coupled to an aerosol

mass spectrometer (AMS). A sulfuric acid reservoir

heated to a known temperature was connected to the

flowtube via heated tubing. Dry filtered nitrogen car-

rier gas was pre-heated and passed over the reservoir

entraining an equilibrium density of the H2SO4(g) to

the flowtube. The entrance to the flowtube was heated

to a temperature above that of the reservoir, establish-

ing a well-characterized decreasing temperature profile

along the flowtube axis. Supersaturation (and conse-

quent nucleation and growth) conditions were reached

at a position within the flowtube determined by the

temperature profile and the H2SO4 vapor pressure.

The number and mass distributions of the particles

formed in this way were measured on-line by the AMS

at the flowtube exit. With the entrance of the flowtube

at 150 C, particles were first observed at a H2SO4 vapor

pressure of 10-4 torr forming particles at a number den-

sity of 104 cm-3. As the pressure increased to 3x10-2

torr, the particle number density increased to 107 cm-

3. However, the median diameter increased only from

40 to 50 nm. At pressures higher than 4x10-3 torr, the

size distributions were observed to exhibit broadening

and a new mode appeared near 60nm, consistent with

coagulation. A third mode appeared at H2SO4 pres-

sures near 3x10-2 torr indicating further coagulation.

This work is a first time on-line laboratory observation

of sulfuric acid microphysics spanning nucleation and

coagulation processes. The features of the apparatus

enabling absolute detection of mass and number distri-

butions will be discussed.
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Phase Transitions of Aqueous

Atmospheric Particles

Scot T Martin (617 495 7620;

smartin@deas.harvard.edu)

Harvard University, 29 Oxford St., Pierce Hall, Cam-

bridge, MA 02138, United States

The physical state of atmospheric particles affect

their optical properties, their chemical reactivity, and

their atmospheric lifetime. Accordingly, the prediction

of particle phase is critical for accurate atmospheric

modeling. Atmospheric aqueous particles, due to their

small size (submicron), can deeply supercool with re-

spect to freezing (e.g., 40 K) and deeply supersaturate

(e.g., S = 35) with respect to relative humidity be-

fore crystallization begins via homogeneous nucleation.

Atmospheric mineral dusts, incorporated as inclusions

within aqueous particles, provide active surfaces to in-

duce crystallization heterogeneously and thus drasti-

cally reduce the extent of supercooling (e.g., 20 K) or

supersaturation (e.g., S = 5). This talk will present

laboratory and theoretical work on several systems, in-

cluding sulfates, nitrates, and mineral dusts. The re-

sults are crucial to providing a quantitative microphysi-

cal model that couples the interactions of these particle

classes in the atmosphere.
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This paper describes laboratory and field study

measurements of water uptake and ice nucleation by

surrogate and real atmospheric aerosol particles. Lab-

oratory measurements of water uptake are made using a

humidified tandem differential mobility analyzer (HT-

DMA) and a cloud condensation nucleus (CCN) instru-

ment operating at 20 to 30 ◦C. Measurements of ice nu-
cleation are made using a continuous flow ice-thermal

diffusion chamber (CFDC) operated to -60 ◦C for rel-
evance toward understanding cirrus cloud formation.

Extending earlier laboratory studies of single com-

position aerosols, we are investigating water uptake

and ice nucleation rates and mechanisms by mixed

aerosols of various types, including sulfate-nitrate,

sulfate-organic, mineral oxide-sulfate and black carbon-

sulfate types. Methodologies will be described and re-

sults will be summarized.

Field measurements are planned to study heteroge-

neous and homogeneous ice nucleation by free tropo-

spheric aerosols at a high altitude laboratory. The field

study will include measurements of the compositions

of aerosols that activate ice formation by homogeneous

and heterogeneous ice nucleation mechanisms. This

aspect of the study will be facilitated by interfacing

the CFDC to the PALMS (Particle Analysis by Laser

Mass Spectrometry) instrument. This combined instru-

ment system was tested in the laboratory to quantify

sampling efficiencies and validate specificity for sam-

pling ice nucleus aerosol particles. Initial field data, if

available at conference time, will be compared and con-

trasted with the results obtained for laboratory surro-

gate particles.
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Dust: Surface Reactions of Sulfur
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The role of heterogeneous reactions on particulate
matter present in the Earth’s atmosphere remains an
important question in tropospheric chemistry. It has
been proposed in several modeling studies that min-
eral dust may provide reactive surfaces for trace at-
mospheric gases. Laboratory studies can provide some
answers concerning the kinetics of these reactions so
that heterogeneous chemistry can be quantitatively as-
sessed in atmospheric chemistry models. In our work,
the heterogeneous chemistry of trace atmospheric gases
including sulfur dioxide, ozone, nitric acid and acetic
acid on oxide (e.g. hematite, corundum and quartz)
and carbonate (e.g. calcite) particles has been inves-
tigated. These particles are used as models for min-
eral dust found in the atmosphere. FT-IR spectroscopy
is used to interrogate the surface of the particles as
they are exposed to trace atmospheric gases in order to
gain additional insight into the surface chemistry. Ini-
tial uptake coefficients on powdered samples have been
measured using a Knudsen cell reactor so as to quantify
the rates of these reactions. The uptake kinetics have
been measured as a function of powder sample mass
to insure that realistic surface areas are used in the
calculation of the initial uptake coefficient. The het-
erogeneous reaction rates are then compared to known
gas-phase chemical and photochemical reaction rates
for the trace atmospheric gases investigated. From this
comparison, the atmospheric implications of these het-
erogeneous reactions are discussed.
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Over the past quarter century atmospheric scien-
tists have gradually come to realize that ”heteroge-
neous” or ”multi-phase” gas/liquid processes play a
major role in the chemistry of the Earths lower atmo-
sphere. As we better appreciate the role of atmospheric
heterogeneous processes their complex nature has be-
come clear. The uptake of pollutants by atmospheric
aerosol particles and cloud droplets and their subse-
quent chemical transformation often depends not only
on simple mass accommodation and re-evaporation, but
also on a range of other chemical and mass transport
parameters, including: gas and liquid phase diffusion,
solubility, and both liquid surface and bulk liquid re-
action.
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We have developed two novel experimental labora-
tory techniques, the droplet train/fast flow reactor and
the bubble train reactor, to deconvolve these processes.
In addition, much more sophisticated phenomenological
models have been developed to address the full range
of chemical and physical processes that come into play
both in the laboratory and the atmosphere. This re-
view will focus on the results of uptake measurements
using these techniques for over three dozen atmospheric
trace gases by aqueous and aqueous acid surfaces rep-
resenting the liquid content of the tropospheric clouds
and aerosols where a large fraction of atmospheric het-
erogeneous processing occurs. We will also present ini-
tial studies involving organic liquid surfaces motivated
by recent realizations that a significant fraction of the
mass of tropospheric aerosol material is organic in na-
ture.
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In this paper we explore the question of how aerosol
impact tropospheric chemistry. We address this issue
using regional models of the troposphere that couple
aerosol processes with photochemical and biogeochem-
ical cycles. There is a growing body of observational
data that suggests that aerosols such as mineral ox-
ides and black carbon may provide important reac-
tive surfaces. However, very little is known regarding
the mechanisms by which aerosol impact these cycles.
Mechanisms for the interaction of O3, NOy and SOx,
with aerosol surfaces are postulated, and used to cal-
culate heterogeneous removal rates and subsequent in-
fluence. The focus will be on our work in East Asia,
where anthropogenic particles along with wind blown
soils represent major surface areas for chemical reac-
tions (especially in the spring). Results indicate that
the presence of mineral aerosol may significantly alter
the chemical size distribution of particulate sulfate and
nitrate, thus influencing the lifetimes of these species
and altering physical and radiative aerosol properties.
In addition the surfaces may alter the photochemical
oxidant cycle by perturbing NOx partitioning between
gas and particulate phases, and providing additional
reaction pathways. Also the impact of aerosol on pho-
tolysis rates may also be significant, and this aspect
will be addressed in the paper. However, these calcula-
tions remain highly uncertain, due in part to the fact
that these surfaces have not been widely studied from
a reactive surface standpoint, and basic information on
sorption and reaction rates are not well known, and due
to the lack of field experiments designed to investigate
the role of aerosols in tropospheric chemistry. Results
of recent laboratory studies at the University of Iowa
will also be presented and discussed. Some results from
preliminary analysis of recent large field experiments in
East Asia (e.g., from Trace-P and Ace-Asia), may also
be presented.
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The heterogeneous conversion of N2O5 to HNO3
which occurs on the surface of aqueous aerosols in the
planetary boundary layer is an important step in the re-
moval of nitrogen oxides from the atmosphere. A series
of experiments in the large Aerosol Chamber at the FZ-
Jülich revealed that the reaction probability γN2O5

on

metastable and deliquescent sulfate aerosols is about
0.02, i.e. 2 out of 100 collisions of N2O5 with the par-
ticle surfaces lead to formation of HNO3. The γN2O5
on sulfate aerosols is fairly independent of the aerosol
substrate and the relative humidity. However, in a few
experiments, we observed a reduction of γN2O5

on sul-

fate aerosols by a factor of 2-7. Reduced γN2O5
were

measured on aerosols which were kept for over a day
in the chamber. This suggests an effect of aging of the
particles.
In a series of experiments, effects of drying of the parti-
cles (recrystallization), imperfect mixing of the cham-
ber and a nitrate effect could be excluded. By GC-
MS we detected several biogenic hydrocarbons in our
chamber air. These hydrocarbons originate from out-
side air since our air cleaning system is not very effi-
cient in removing hydrocarbons. The ozonolysis of the
biogenic hydrocarbons induces particle formation. O3
is used with NO2 for in-situ generation of N2O5 in the
chamber. In the presence of sulfate aerosol the oxi-
dized species will condense on the preexisting aerosol
surfaces. In two experiments the aerosol was coated
by addition of α-Pinen into the chamber (11.4 ppb and
1.22 ppm respectively) and subsequent ozonolysis. A
dependence of the reaction probability on the α-Pinen
concentration was observed. Thus, it can be concluded
that the reaction probability of N2O5 depends on the
thickness of the organic film on the aerosol surface. An
organic coating introduces an extra transport barrier
for the heterogeneous hydrolysis of N2O5.
The reduction of the reaction probability by an organic
coatings or scarcity of water due to a large organic so-
lute fraction could have severe consequences for the ni-
trogen oxide cycle. The tropospheric NOx-cycle could
be imbalanced or require a shift to greater importance
of NO3-reactions.
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New Flow Tube for in situ
Measurements of Optical Spectra and
Particle Size Distributions of Aqueous
Aerosol Particles of Tropospheric
Composition.

Heide Sebald1
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1Forschungszentrum Juelich, ICG-II: Troposphaere,
Juelich 52425, Germany

In studies of the heterogeneous hydrolysis of N2O5
in the presence of aqueous aerosols in the Aerosol
Chamber at the FZ Jlich we applied FTIR absorption
spectroscopy for the determination of trace gases. In
the FTIR spectra we also observed broad absorptions

of several 10 to a few 100 cm−1 widths that clearly
arise from species in the condensed aerosol phase: liq-

uid H2O, NO
−
3
, SO2−

4
, HSO−

4
. Moreover, the aerosol

droplets caused extinctions over several 1000 cm−1 by
IR scattering. This allows for in-situ observation of
changes in the condensed aerosol phase, like the shift
of the sulfate/bisulfate equilibrium or the growth by
water condensation. The IR absorptions of the con-
densed aerosol phase provide useful extra information
in process studies, if they can be quantified. Clapp,
Miller and Worsnop [1] developed a method to extract
cross sections (and refractive indices) from IR spectra,
just based on the fact that condensed phase absorp-
tion and scattering extinction by aerosol particles oc-
cur in the same IR spectrum. They did not measure the
aerosol size distribution and assumed lognormal distri-
butions. If the size distribution is measured indepen-
dently further the degrees of freedom are removed and
the method can be extended for calibration of aerosol
instruments.

We therefore set up an aerosol flow tube in which IR
spectroscopy on a 8 m light path and aerosol size distri-
bution measurements in the range from 20 nm - 10 µm
can be performed simultaneously. We measured sulfate
aerosols at several relative humidities (dry, metastable,
deliquescent) and will present first results for ammo-
nium sulfate - measurements and Mie-calculations.

[1] M. L. Clapp, R. E. Miller, D. R. Worsnop, J.
Phys. Chem.,99 (1995), 6317
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Aerosols; Relationship of ACE-Asia to
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wcollins@ucar.edu)

1NCAR, P.O. Box 3000, Boulder, CO 80305, United
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We have constructed a multi-year climatology of
global aerosol distributions using the aerosol assimi-
lation methodology described in Collins et al (2001)
and Rasch et al (2001). This climatology provides
3-dimensional estimates of aerosol concentration and
optical properties (broken done by constituent) and
aerosol direct radiative forcing. We use this clima-
tology to identify characteristic variations in aerosol
distributions (near the surface and at altitude) in the
ACE-Asia region in terms of: monthly mean proper-
ties; frequency of occurrence of intense dust storms;
and relative contributions of anthropogenic and natural

aerosols to the region. During the dust event in April
2001, which was measured by the ACE-Asia observing
network, dust was transported from Asia into the inte-
rior of the continental U.S. We analyze the properties
of this dust event in relation to other dust events in the
latter 1990s.
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The Influence of Organic Coatings on
the Hygroscopic Properties of
Atmospheric Particles
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jdonalds@chem.utoronto.ca)

1Department of Chemistry University of Toronto, 80
St. George St., Toronto, ON M5S 1A1, Canada

The chemical composition of atmospheric particles
is an important factor governing their light scatter-
ing properties, their ability to act as media for chem-
ical transformations and their ability to act as cloud
condensation nuclei. Field measurements have indi-
cated that organic material is a significant component
of the mass of atmospheric aerosol particles. We have
initiated studies using a quartz crystal microbalance
(QCM) to examine the uptake and loss of water onto
organic-coated surfaces in a controlled environment.
Our preliminary results will be presented here.
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Aerosol Influence on Cloud Optical
Depth and Albedo Over the North
Atlantic Shown by Satellite
Measurements and Chemical
Transport Modeling
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1Atmospheric Sciences Division, Brookhaven National
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2Dept. of Earth and Atmospheric Sciences, Pur-
due University, 1397 Civil Engineering Bldg, West
Lafayette, IN 47907-1397, United States

The Twomey effect of enhanced cloud droplet con-
centration, optical depth, and albedo due to anthro-
pogenic aerosols is thought to contribute substantially
to radiative forcing of climate change over the in-
dustrial period. However, present model-based esti-
mates of this indirect forcing are highly uncertain.
Satellite-based measurements would provide global or
near-global coverage of this effect, but previous ef-
forts to use satellite observations to identify and quan-
tify enhancement of cloud albedo due to anthropogenic
aerosols have been limited, largely because of strong de-
pendence of albedo on cloud liquid water path (LWP),
which is inherently highly variable. Here we exam-
ine satellite-derived cloud radiative properties over a
one-week episode for which a chemical transport and
transformation model indicates that sulfate aerosol in
a remote area of the North Atlantic experienced a sub-
stantial excursion due to transport from Northern Eu-
rope. Despite the absence of discernible dependence
of optical depth or albedo on modeled sulfate load-
ing, examination of the dependence of these quantities
on LWP readily permits detection and quantification
of increases correlated with sulfate loading which are
otherwise masked by variability of LWP, demonstrat-
ing brightening of clouds due to the Twomey effect on a
synoptic scale. Median cloud-top spherical albedo was
enhanced over the episode, relative to the unperturbed
base case for the same LWP distribution, by 0.04 to
0.15. Examination of the dependence of cloud optical
depth and albedo on LWP should be broadly applica-
ble to identification of enhancement by anthropogenic
aerosols and well suited for global-scale characteriza-
tion by satellite measurements.


