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Direct Observation of Heterogeneous Chemistry
in the Atmosphere

Eric E. Gard, Michael J. Kleeman, Deborah S. Gross,
Lara S. Hughes, Jonathan O. Allen, Bradley D. Morrical,
David P. Fergenson, Tas Dienes, Markus E. Galli,
Robert J. Johnson, Glen R. Cass,* Kimberly A. Prather*

The heterogeneous replacement of chloride by nitrate in individual sea-salt particles was
monitored continuously over time in the troposphere with the use of aerosol time-of-flight
mass spectrometry. Modeling calculations show that the observed chloride displace-
ment process is consistent with a heterogeneous chemical reaction between sea-salt
particles and gas-phase nitric acid, leading to sodium nitrate production in the particle
phase accompanied by liberation of gaseous HCI from the particles. Such single-particle
measurements, combined with a single-particle model, make it possible to monitor and
explain heterogeneous gas/particle chemistry as it occurs in the atmosphere.

Airborne particles have an important in-
fluence on Earth’s radiation balance that
can lead to climate forcing (1). In addi-
tion, they are responsible for much of the
visibility reduction observed in urban ar-
eas and national parks (2) and can ad-
versely affect human health (3). These
particles are introduced directly into the
atmosphere from natural activities (for ex-
ample, sea spray and volcanic eruptions)
and anthropogenic pollution sources. As
they evolve in the atmosphere, their
chemical and physical properties—and
hence their characteristics, such as light
scattering and toxicity—change by accu-
mulation of atmospheric gas-phase chem-
ical reaction products or through hetero-
geneous reactions with gas-phase species.
For example, gaseous sulfur dioxide emit-
ted from fossil fuel combustion, as well as
organic species emitted from both anthro-
pogenic and biogenic sources, can react in
the atmosphere to form particulate sulfates
(4) or secondary organic aerosols (5), re-
spectively. Additionally, gas-phase emis-
sions of nitrogen oxides from combustion
sources undergo homogeneous atmospher-
ic reactions to produce gaseous species
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including N,O4 and HNO; (6, 7). These
gases can diffuse to the surface of sea-salt
particles where heterogeneous reactions
can lead to chloride displacement from
sodium chloride—containing particles, for
example, by

HNO}(g) + NaCl(S or aq) i
NaNO}(s or aq) + HCl(g) (1)

(subscripts g, s, and aq refer to gaseous,
solid, and aqueous phase species, respective-
ly), leaving sodium nitrate in the particle
phase (8).

In order to assess the effect of airborne
particles on atmospheric processes, the pri-
mary particle emissions, secondary particle
formation processes, and relevant heteroge-
neous chemistry must be understood theoret-
ically and confirmed experimentally. The
reactant-product relations involved in the
heterogeneous chemistry of aerosols are gen-
erally inferred from bulk samples of atmo-
spheric particles collected on filters or on
cascade impactor substrates. Unfortunately,
atmospheric particulate matter is a complex
mixture of particles of many different sizes
and chemical compositions, and therefore,
the exact chemical speciation of the individ-
ual particles cannot be determined by bulk
filter analysis. For example, if sulfate, nitrate,
sodium, and ammonium ions are all present
in a bulk sample, one cannot distinguish
whether all particles contain each chemical
species or whether pure ammonium sulfate
particles coexist with pure sodium nitrate
particles in the same air mass.
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Recently, a number of techniques have
been developed that are capable of measur-
ing the size and chemical composition of
airborne particles at the single-particle level
(9, 10). By observing the time-evolution of
the chemical species found within a popu-
lation of aerosol particles as they undergo
heterogeneous gas/particle chemical reac-
tions in the troposphere, the reactant/prod-
uct relations can be deduced. These rela-
tions can be confirmed by the use of an
atmospheric transport and reaction model
that tracks individual chemically distinct
particles (11). In this work, we study the
heterogeneous chemistry of sea-salt parti-
cles as it occurs in the ambient atmosphere
by combining a single-particle model with a
single-particle measurement technique.

To experimentally observe heteroge-
neous chemical processes at the single-par-
ticle level in the atmosphere, we conducted
a field study during the fall of 1996 in
California’s South Coast Air Basin, which
surrounds the greater metropolitan Los An-
geles area. In order to measure particle
transformations that occur as air parcels are
advected inland from the Pacific Ocean and
across the pollutant emission sources in the
Los Angeles area (12), three aerosol moni-
toring stations were established: a coastal
site at Long Beach, and inland sites at
Fullerton and Riverside. Each site was
equipped with an aerosol time-of-flight
mass spectrometer (ATOFMS)— capable of
determining the size and chemical compo-
sition of single particles—along with filter-
based particle samplers, cascade impactors,
and electronic particle size distribution
monitors.

Here we focus on the replacement of
chloride by nitrate in sea-salt particles (re-
action 1) observed at Long Beach. This
heterogeneous reaction plays an important
role in atmospheric chemistry because it is a
permanent sink for gas-phase nitrogen ox-
ide species. Reaction 1 is one of the most
extensively studied heterogeneous chemical
reactions in the laboratory and has been
investigated with a wide variety of tech-
niques (13). These laboratory experiments
have provided significant insight into the
mechanisms, kinetics, and thermodynamics
of the reaction, but none of these experi-
ments can be certain of exactly duplicating
atmospheric conditions.

The details of the transportable
ATOEFMS instrument used in the South-
ern California experiments are presented
elsewhere (9). Briefly, particles are sam-
pled directly from the ambient atmosphere
into the ATOFMS through a convergent
nozzle and accelerated to a terminal ve-
locity, which decreases as their aerody-
namic diameter increases. From this mea-
sured velocity, each particle’s aerodynam-
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ic diameter is determined. Subsequent la-
ser desorption and ionization of each
particle in the source region of the coaxial
reflectron time-of-flight mass spectrome-
ter generates ions from which the chemi-
cal composition of these desorbed species
can be inferred. Thus, both the size and
chemical composition are obtained at the
individual particle level, and by sampling
many particles consecutively, the proper-
ties of the atmospheric particle mixture
can be defined as it changes over time.
The transportable ATOFMS instrument,
located in Long Beach (~2 miles inland
from the Pacific Ocean), was operated near-
ly continuously in the positive-ion mode on
24 and 25 September 1996. As expected,
given the site’s proximity to the ocean,
sea-salt particles were abundant and readily
identified by the presence of Na* (mass-to-
charge ratio m/zx = 23), K* (m/z = 39),
Na,”Cl* (m/z = 81), and Na,’’Cl*
(m/z = 83) peaks in their mass spectra (14).
The temporal variation of chloride (C17)
and nitrate (NO;7) in sea-salt particles was
evident from changes in the relative inten-
sities of their mass spectral markers with

Fig. 1. (A) Positive-ion mass spectrum [relative ion
signal intensity versus mass-to-charge ratio (m/z)]
of a 2.1-um-diameter sea-salt particle acquired at
Long Beach, California, on 24 September 1996 at
20:21 PST. Na*, K*, Na,CI*, and other Na-con-
taining cluster ions are labeled; some additional
peaks are not labeled to avoid congestion. The
significant signal for the Na,Cl* ion indicates that
the particle is largely unreacted. (B) Positive-ion
mass spectrum of a 1.9-pm-diameter sea-salt
particle acquired at Long Beach on 24 September
1996 at 08:01 PST. Na* and K* are clearly
present, as in (A); however, the Na,CI* cluster
peak is undetectable, and a peak due to Na,NO,*
is now present. This prominent signal due to
Na,NO,* indicates that the sea-salt particle has
undergone extensive reaction, in which the chlo-
ride was replaced by nitrate, forming NaNOgg o, o)
and releasing the chlorine as HCl, .
natural abundance of sulfate in sea water.

Fig. 2. A strong diurnal trend in chloride replace-
ment by nitrate on sea-salt particles. The solid
curves represent the average intensity of chloride
(or chloride marker) in the particles, and ‘the
dashed line indicates the average intensity of ni-
trate (or nitrate maker) in the particles. (A) The
particles analyzed by the ATOFMS over the 2-day
period are sorted by their mass spectral signature,
to retain only sea-salt particles. These sea-salt
particles were grouped into 1-hour time bins, and
the relative peak area of the chloride and nitrate
marker ions, Na,CI* and Na,NO,*, respectively,
was determined in each single-particle mass
spectrum. The average relative area for both
Na,CI* and Na,NO,* was then determined for all
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time. Because positive-ion mass spectra were
obtained, positive-ion markers indicating
the presence of chloride and nitrate (which
normally appear as negative ions) were re-
quired. The relevant markers are Na,Cl*
(m/zx = 81 and 83) and Na,NO,* (m/y =
108), respectively (Fig. 1). The relative in-
tensities of Na,Cl* and Na,NO,* in indi-
vidual sea-salt particles were monitored con-
tinuously and subsequently averaged in
1-hour time bins; this time resolution was
chosen to match that of the model used to
interpret the data. Diurnal trends in the
chloride and nitrate content of the particles
were immediately evident when the average
relative intensities of these peaks were plot-
ted versus time (Fig. 2A).

The atmospheric chemistry occurring at
Long Beach was studied with the use of a
recently developed atmospheric particle
formation and transport model (10). This
model is capable of tracking aerosol process-
es that occur at the single-particle level in
cases where the atmospheric mixture con-
tains many particle types having distinctly
different chemical properties for particles of
the same size (15). Model calculations be-
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sea-salt particles in each 1-hour time bin and plotted versus time (PST). (B) The time evolution of the
mole fraction of chloride ion and nitrate ion in the summation of the single sea-salt particles tracked by

the model calculations is plotted versus time (PST).
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gin over the ocean with a captive air parcel
containing gases and particles representa-
tive of regional background conditions. Ad-
ditional sea-salt particles, generated by
breaking surf, are inserted into the model as
the air parcel crosses the coastline. As an air
parcel is advected over land, pollutant gases
and particles having the size distribution
and chemical composition of the major ur-
ban source types (sources include motor
vehicle traffic, industrial fuel combustion,
and fugitive dust sources) are emitted into
the air parcel. Gas-phase thermochemical
and photochemical reactions lead to the
production of sulfuric acid, nitric acid, and
organic reactants that can form secondary
aerosols or react with existing particles.
Heterogeneous reactions are calculated by
following the diffusion of gases to and from
the particles along with the thermodynamic
conditions that drive gas-particle inter-
change. Particles of different sizes and
chemical compositions from different sourc-
es interact with common gas-phase condi-
tions at any time, but each particle main-
tains a separate evolutionary history. Thus,
the marine sea-salt particles can be followed
separately from all other particles in the
atmosphere, providing an opportunity for
direct comparison with the experimental
results described above.

The mechanistic air quality model was
applied to the conditions observed at Long

3820
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E Pacific Ocean "
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Fig. 3. Calculated air parcel trajectories for air
masses arriving at the Long Beach sampling site
(A) on 24 September 1996 at 20:00 PST, where
the particles are largely unreacted because of their
recent advection inland from the relatively clean
offshore conditions, and (B) on 25 September
1996 at 09:00 PST, where the particles have ex-
changed a significant fraction of chloride for ni-
trate during the air mass stagnation over land.
Both trajectories originate over the ocean at the
beginning of the day before their arrival at Long
Beach; the circles show the position of the air
parcel at each hour, and the overlapping circles at
Long Beach in (B) show air stagnation at that site.
The spatial coordinates used refer to the Universal
Transverse Mercator (UTM) system; the geo-
graphical region of interest falls into UTM zone 11.
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Beach during the September 1996 experi-
ments. The paths followed by the air parcels
that arrived at Long Beach at each hour of
this 2-day period were computed by back-
ward integration through hourly wind fields
[calculated from wind speed and direction
observations made at 28 sites in the Los
Angeles area (16)]. Particle evolution was
tracked along 48 trajectories (for examples,
see Fig. 3), and the conditions observed at
the end of each of these trajectories were
linked to form a time series of model pre-
dictions at Long Beach (17). Nitric acid
vapor production, both during the day and
at night, is one of the many processes
tracked by the model. The gas-phase HCI
and HNO, concentrations in the South
Coast Air Basin are typically at levels that
drive the thermodynamically favorable dis-
placement of chloride by nitrate in sea-salt
particles (reaction 1). The extent to which
this occurs is affected by many factors, in-
cluding gas-phase concentrations, particle-
phase concentrations, temperature, relative
humidity, and reaction time.

To compare the model results to the
ATOFMS data, we isolated the sea-salt par-
ticles having aerodynamic diameters less
than 2.5 pm from those of anthropogenic
origin within each trajectory calculation
(18). For each air parcel arriving at Long
Beach, the average mole fraction of Cl™
and NO;~ in sea-salt particles was calculat-
ed. Model results show a strong diurnal
variation, with chloride and nitrate being
anticorrelated (Fig. 2B), which is in reason-
able qualitative agreement with the trends
observed by the ATOEMS.

By knowing the history of each air parcel
trajectory, we can interpret the ATOFMS
and model results and account for the ob-
served diurnal cycle. The key factor deter-
mining the chloride and nitrate oscillations
is the amount of time the particles spend in
the polluted urban atmosphere. The rela-
tive concentration of chloride in sea-salt
particles peaks from the late afternoon until
the middle of the night hours of each day.
The air parcels arriving in Long Beach dur-
ing this period are swiftly transported from
the coastline (Fig. 3A), providing little
time for chloride displacement to occur. In
contrast, during the late morning to early
afternoon of each day, when sodium nitrate
predominates, the air parcels present at the
sampling site are those that have stagnated
over land during the night and early morn-
ing hours (Fig. 3B). This stagnation allows
time for HNO; production from the anthro-
pogenic NO_ and hydrocarbon emissions,
along with diffusion of the reaction prod-
ucts to and from the particles, permitting
the chloride displacement reaction to ap-
proach completion. At the time of the ex-
periment, meteorological data show that

the same air mass stagnated over the Long
Beach sampling site for 11 hours [from ap-
proximately 24:00 Pacific Standard Time
(PST) on 24 September to 11:00 PST on
25 September 1996].

Thus, by monitoring the changes in the
chemical composition of individual parti-
cles continuously, including measurements
made within a single stagnant air mass over
a period of nearly half a day, we have ob-
served the heterogeneous conversion of so-
dium chloride to sodium nitrate - within a
population of atmospheric gas and particle-
phase species. The combination of single-
particle measurements and a model that can
track the transformations of specific parti-
cles within a complex mixture now makes it
feasible to observe, predict, and explain
heterogeneous gas and particle chemistry at
the single-particle level as it occurs in the
atmosphere, providing a new approach to
the study of atmospheric chemistry.
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Atmospheric Radiocarbon Calibration to 45,000
yr B.P.: Late Glacial Fluctuations and
Cosmogenic Isotope Production

H. Kitagawa® and J. van der Plicht

More than 250 carbon-14 accelerator mass spectrometry dates of terrestrial macrofos-
sils from annually laminated sediments from Lake Suigetsu (Japan) provide a first at-
mospheric calibration for almost the total range of the radiocarbon method (45,000 years
before the present). The results confirm the (recently revised) floating German pine
chronology and are consistent with data from European and marine varved sediments,
and combined uranium-thorium and carbon-14 dating of corals up to the Last Glacial
Maximum. The data during the Glacial show large fluctuations in the atmospheric carbon-
14 content, related to changes in global environment and in cosmogenic isotope

production.

The atmospheric *C content (expressed in
AYC) (1) is sensitive to geomagnetic field
strength and solar fluctuations (also through
magnetic effects) as well as rearrangements
in equilibrium between the major C reser-
voirs (atmosphere, ocean, and biosphere).
Detailed calibration of the radiocarbon time
scale into the glacial period is critical for
accurate dating and a better understanding
of changes in the Earth system.
Radiocarbon calibration can be per-
formed by '“C dating of samples that can
also be dated by an independent, preferably
absolute dating method. The ideal samples
for this purpose are tree rings, which can be
dated by dendrochronology. Dendro-cali-
brations with (for the most part) 20-year
tree-ring resolution have been obtained for
almost the complete Holocene, back to

about 7900 B.C. for the absolute chronolo-
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gy and to about 9400 B.C. including a
matched floating tree-ring curve (2).

Beyond the range of tree rings, calibra-
tion has been problematic. Radiocarbon
dates of terrestrial macrofossils from annu-
ally laminated sediments can potentially
provide a high-resolution record of atmo-
spheric *C changes. However, varve chro-
nologies have been revised several times
(3). At present, calibration data from gla-
cial varves provide a consistent data set
back to about 11,000 B.C. (4-6). In addi-
tion, a marine calibration curve for the
Late Glacial period is obtained by com-
bined *C and U-series dates of corals (7,
8) and C measurements on foraminifera
from varved marine sediments (9). Be-
cause these data are for marine materials,
they have to be corrected for the apparent
14C age of the surface oceans, known as
the reservoir effect.

Here we present a high-resolution atmo-
spheric radiocarbon calibration from annu-
ally laminated sediments for the total range
of the radiocarbon dating method [<45,000
cal yr B.P. (10)]. The sediments were taken
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from Lake Suigetsu (35°35'N, 135°53'E)
near the coast of the Sea of Japan (11). The
lake is 10 km around the perimeter and
covers an area of 4.3 km? It is a typical
kettle-type lake with a nearly constant
depth at the center, ~34 m deep. A 75-m-
long continuous core (Lab.code, SG) and
four short piston cores were taken from the
center of the lake in 1991 and 1993. The
sediments are laminated in nearly the entire
core sections and are dominated by dark-
colored clay with white layers resulting
from spring-season diatom growth. The sea-
sonal changes in the depositions are pre-
served in the clay as thin laminations or
varves. The sedimentation or annual varve
thickness is relatively uniform, typically 1.2
mm/year during the Holocene and 0.61
mm/year during the Glacial. The bottom
age of the SG core is estimated to be older
than 100,000 years, close to the beginning
of the last interglacial period.

To reconstruct the calendar time scale,
we counted varves, based on gray-scale im-
age analyses of digital pictures, in a 10.43-
to 30.45-m-deep section, producing a
29,100-year-long floating chronology. Be-
cause we estimated the varve chronology of
older than ~20,000 yr B.P. (19-m depth of
SG core) by counting in a single core sec-
tion, the error of the varve counting in-
creases with depth, and the accumulated
error at 40,000 cal yr B.P. would be less
than ~2000 years, assuming no break in the
sediment (12).

The “C/'2C and *C/'*C ratios of more
than 250 terrestrial macrofossils (leaves,
twigs, and insect wings) in the sediments
were measured by accelerator mass spectrom-
etry (AMS) at the Groningen AMS facility
(13), after proper sample pretreatment (14).

The floating varve chronology was con-
nected to the old part of the absolute tree-
ring chronology (2, 15) by *C wiggle match-
ing (16), resulting in an absolute calendar age
covering the time span from 8830 to 37,930
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