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Nitric Acid Trihydrate (NAT) in
Polar Stratospheric Clouds

Christiane Voigt," Jochen Schreiner,” Andreas Kohlmann,’
Peter Zink," Konrad Mauersberger,'* Niels Larsen,?
Terry Deshler,? Chris Kréger,? Jim Rosen,? Alberto Adriani,*
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Andreas Dérnbrack”

A comprehensive investigation of polar stratospheric clouds was performed on
25 January 2000 with instruments onboard a balloon gondola flown from
Kiruna, Sweden. Cloud layers were repeatedly encountered at altitudes between
20 and 24 kilometers over a wide range of atmospheric temperatures (185 to
197 kelvin). Particle composition analysis showed that a large fraction of the
cloud layers was composed of nitric acid trihydrate (NAT) particles, containing
water and nitric acid at a molar ratio of 3:1; this confirmed that these long-
sought solid crystals exist well above ice formation temperatures. The presence
of NAT particles enhances the potential for chlorine activation with subsequent
ozone destruction in polar regions, particularly in early and late winter.

Since the early 1980s, the formation of a large
ozone hole above Antarctica during southern
spring has become a yearly event. Stratospheric
air isolated within the polar vortex cools during
winter to temperatures that allow the formation
of polar stratospheric clouds (PSCs) at altitudes
between 15 and 25 km (/). The cloud particles
provide surfaces for the activation of otherwise
relatively unreactive chlorine-containing mole-
cules. Upon the return of sunlight in the spring,
the cloud-processed chlorine species are photo-
lyzed and induce dramatic ozone losses (2). To
a lesser extent, the north polar stratosphere also
experiences low winter temperatures within a
well-developed vortex, leading to the formation
of PSCs and subsequent ozone destruction (3).
Satellite and field measurements in both polar
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regions have shown that many PSCs exist well
above the frost point of water, T, the tem-
perature in the stratosphere near 188 K below
which ice particles can form (4—6). For those
PSCs the important role of the trace gas nitric
acid (HNO,) has been recognized. Early atmo-
spheric models predicted the formation of solid
nitric acid hydrate crystals at temperatures
above Ty (7, 8). Laboratory studies revealed
that nitric acid trihydrate (NAT, HNO,-3H,0)
would be stable up to 7° above the frost point in
the lower stratosphere (9). Measurements at
these temperatures from high-flying aircraft and
ground-based LIDAR (light detection and rang-
ing), however, often identified liquid super-
cooled ternary solution (STS) droplets instead
of solid particles (/0-12).

The composition, phase, and formation tem-
perature range of PSCs are critical for atmo-
spheric models that predict ozone losses in
polar regions. NAT is believed to be the most
stable particle under stratospheric conditions.
As a result of its low vapor pressure, NAT can
exist at higher temperatures than STS droplets
or ice particles, with the consequence that chlo-
rine activation can proceed over wider areas
and - for longer time periods. By scavenging
nitrogen compounds, NAT particles hinder the
passivation of active chlorinated substances
through reactions with nitrogen oxides. The
removal of particles through sedimentation to
lower altitudes, a process called denitrification,
increases the efficiency of chlorine activation
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and is only possible through the formation of
crystalline PSC particles. Despite their impor-
tance, no direct chemical analysis of NAT par-
ticles in the stratosphere has been made, al-
though they have been identified in many lab-
oratory studies (9, 13) and inferred from atmo-
spheric measurements (6).

In January 1998, a direct particle composi-
tion measurement was performed in lee wave—
induced PSCs above Scandinavia (/4-16).
STS droplets containing water, nitric acid, and
sulfuric acid were observed. As expected from
STS theory, a close correlation between low
atmospheric temperatures and the presence of
PSCs was found. A more comprehensive set of
instruments to investigate chemical, physical,
and optical properties of PSCs was launched at
20 UT (universal time) on 25 January 2000
from the balloon facility Esrange, near Kiruna,
Sweden. The crucial instrument on both flights
was an aerosol composition mass spectrometer
(ACMS) that uses an aerodynamic lens to focus
particles into a narrow beam (/7) and separates
them from ambient gases. The particles are then
evaporated inside a small sphere, and the evolv-
ing gases are analyzed with a mass spectrome-
ter. Simultaneous measurements of particle
number density and size were performed with
particle counters (18, 19). Backscatter ratios
and depolarization were measured with two
backscatter sondes (20, 21). A water vapor
experiment determined the frost point 7.
(22). A number of sensors measured the ambi-
ent stratospheric temperature with a precision
better than +0.5 K to establish a correlation
with PSC particle parameters such as volume
and composition.

A vertical cross section of the temperature
distribution along the flight track at 22 UT was
simulated with a mesoscale meteorological
model (23) (Fig. 1). The balloon trajectory
(thick line) crosses the extension of a cold
trough that had developed over the Scandina-
vian mountains as a result of adiabatic expan-
sion of ascending air masses in mountain-in-
duced gravity waves. Temperatures determined
during the flight are in general agreement with
the model simulations, although the latter can-
not resolve the measured small-scale tempera-
ture fluctuations. The cold temperature pattern
between 21 and 24 km extended upwind toward
the Scandinavian mountains, indicating that
particles sampled during the flight could have
nucleated in those cold regions. Near 22 km on
the first ascent, the observed temperatures were
1 to 2 K below Tj.. During the 2-hour mea-
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surement period, flight operators were able to
raise and lower the balloon repeatedly to sam-
ple cloud layers between 21 and 24 km.

A layer of particles with median diameters
of 1 to 2 wm and concentrations of less than
0.5 particles/cm® was penetrated at 75,700,
77,500, 79,700, and 81,000 s UT (Fig. 2). In
these layers, strong fluctuations in the con-
densed water and nitric acid signal result
from low—particle number counting statistics.
The condensed water data demonstrate that
single particles can be resolved individually,

Fig. 1. Simulated tem-
peratures (kelvin) dur-
ing the balloon flight
on 25 January 2000 at
22 UT, using the me-
soscale MMS  model
(23). The mesoscale
simulation with 2.6 km
horizontal grid size, ini-
tialized on 25 January
2000 at 6 UT, was
forced by global analy- 18
sis at 0.5° X 0.5° reso-

22
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REPORTS

particularly between 77,600 and 78,300 s UT.
Other nitric acid and water measurements do
not show such a strong variation in the count
rates. Around 75,000, 76,000, and particular-
ly near 77,000 s UT, the water signal distri-
bution shows little fluctuations, the result of
the detection of high concentrations (about 15
particles/cm?®) of small particles with a medi-
an diameter of 0.1 to 0.5 pm. As opposed to
the January 1998 flight (/4), there is not a
close correlation between low temperatures
and the presence of clouds.

Distance (km)

e |
tos ~g W]
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1

lution by the European 20 21
Center for Medium
Range Weather Fore-
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cast (ECMWF). The balloon trajectory shows the ascents and descents during the 2-hour time period
when measurements were taken, which started and ended at 20-km altitude. The air parcels encoun-
tered by the balloon had previously experienced very low temperatures above the Scandinavian
mountains. The balloon launch was near Kiruna at 21.1° longitude.

Laboratory calibrations for H,O and HNO,
were used to convert the count rates into parti-
cle molar ratios of H,O:HNO, (24). Signals
were integrated over long time scales in distinct
cloud layers to minimize the statistical error
(Fig. 3) (25). Most of the cloud data have a ratio
of 3 = 0.5, identifying NAT particles. In these
clouds, particle volumes of 1 to 3 pm3/cm?
were measured, which to a large extent agree
with model calculations of NAT particle vol-
umes (/2). In contrast, clouds analyzed around
75,000, 76,000, and 77,000 s UT have particle
molar ratios larger than 4.5 and volumes less
than 0.5 pm3cm?® at temperatures 2 to 3 K
above T, (26), consistent with calculations
for ternary solution droplets (/0, 12). The per-
sistence of NAT particles even at temperatures
above the NAT equilibrium temperature [as-
suming 10 parts per billion by volume (ppbv)
HNO, (27); see 77,700 and 78,400 s UT in Fig.
3], may indicate that evaporation of these par-
ticles occurs over several hours, which directly
increases the time scales for chlorine processing
during polar spring (28).

Antarctic polar stratospheric clouds are
present throughout the winter and last well into
spring when the large ozone losses occur. Be-
cause low temperatures prevail for long periods,
the formation of NAT and ice particles is be-
lieved to dominate the particle composition.
Meteorological conditions are substantially dif-

Fig. 2. Summary of the
data obtained during the P
flight. (A and B) Con-
densed water and nitric
acid ACMS data, measured
at masses 18 and 63 amu,
respectively. Each data o4
point corresponds to par-
ticles contained in 3 cm3
of air. (C) Backscatter ratio
measurements at 940 and
685 nm. Backscatter
sonde signals are excellent
markers of the presence of
clouds. The depolarization
experiment provided data
only during the first as-
cent (black line to 76,500
s). (D) Integrated number
density of three selected
particle size classes. A
close correlation is found
in PSCs among water and
nitric acid count rates,
backscatter ratios, and
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ence. During the first
ascent, the presence of
STS particles is sup-
ported by low depolar-
ization ratios (first and
second blue areas, Fig.
2D) and of NAT parti-
cles by higher ratios
near 75,500 s UT. Dur-
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statistics, however, were not sufficient to derive molar ratios.

ferent in the north, where low-temperature peri-
ods are shorter and the vortex is less stable (29,
30). The question has been raised as to whether
NAT particles can form in such an environment,
although measurements have shown layers of
liquid and solid aerosols at cold stratospheric
temperatures (3/-33). Our results confirm that
NAT particles exist in the atmosphere and are
present in the north polar stratosphere, near or
even above their equilibrium temperature. The
complexity of particle occurrence, phase, and
composition in the northern polar region has
been known for some time (/, 34). Two flights
of the ACMS have confirmed the existence of
non-ice PSC particles by measurements of STS
droplets in low-temperature PSCs in January
1998 (/4) and NAT particles at higher temper-
atures in January 2000.
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Reinterpreting Space, Time
Lags, and Functional Responses
in Ecological Models

Matt ). Keeling,’* Howard B. Wilson,? Steve W. Pacala®

Natural enemy-victim interactions are of major applied importance and of
fundamental interest to ecologists. A key question is what stabilizes these
interactions, allowing the long-term coexistence of the two species. Three main
theoretical explanations have been proposed: behavioral responses, time-de-
pendent factors such as delayed density dependence, and spatial heterogeneity.
Here, using the powerful moment-closure technique, we show a fundamental
equivalence between these three elements. Limited movement by organisms is
a ubiquitous feature of ecological systems, allowing spatial structure to de-
velop; we show that the effects of this can be naturally described in terms of
time lags or within-generation functional responses.

Enemy-victim systems incorporate a large cross
section of ecological interactions, including
predator-prey, host-parasitoid, host-parasite,
and host-pathogen systems. A number of im-
portant questions about these systems have
emerged from both theoretical and empirical
work over many decades. For example, given

the inherent instabilities in the dynamics of
such interactions, how do the species coexist?
How do density dependence and the behavioral
responses of the organisms influence the dy-
namics? What are the effects of limited move-
ment in space, leading to noncomplete mixing?
A unifying explanation or approach has re-
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