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Abstract. Airborne in situ measurements over the eastern
Pacific Ocean in January 2004 have revealed a new category
of nitric acid (HNO3)-containing particles in the tropical
lower stratosphere. These particles are most likely composed
of nitric acid trihydrate (NAT). They were intermittently ob-
served in a narrow layer above the tropopause (18±0.1 km)
and over a broad geographic extent (>1100 km). In contrast
to the background liquid sulfate aerosol, these particles are
solid, much larger (1.7–4.7µm vs. 0.1µm in diameter), and
significantly less abundant (<10−4 cm−3 vs. 10 cm−3). Mi-
crophysical trajectory models suggest that the NAT particles
grow over a 6–14 day period in supersaturated air that re-
mains close to the tropical tropopause and might be a com-
mon feature in the tropics. The small number density of these
particles implies a highly selective or slow nucleation pro-
cess. Understanding the formation of solid NAT particles in
the tropics could improve our understanding of stratospheric
nucleation processes and, therefore, dehydration and denitri-
fication.

Correspondence to:P. J. Popp
(peter.j.popp@noaa.gov)

1 Introduction

The nucleation and growth of ice and other solid-phase par-
ticles in the upper troposphere and lower stratosphere af-
fect chemical composition and climate forcing (Baker, 1997;
Lawrence et al., 1998; McFarquhar et al., 2000; Jensen and
Pfister, 2004). Ice formation in the tropopause region reg-
ulates stratospheric humidity through particle sedimentation
and controls the radiative properties of high clouds (Jensen
et al., 1996). Polar stratospheric clouds, when composed of
NAT (HNO3·3H2O), sediment and denitrify the lower strato-
sphere in winter and thereby enhance photochemical ozone
destruction (Davies et al., 2005; Rex et al., 1997; Gao et al.,
2001). Theoretical efforts have had limited success in iden-
tifying and quantifying atmospheric nucleation processes, in
part, because of incomplete knowledge of aerosol composi-
tion and how composition affects nucleation. This in turn
limits our current understanding of how global change might
alter future cloudiness, stratospheric dehydration, and ozone
amounts.
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Fig. 1. Map of the WB-57F flight tracks on 27 (green) and 29 (pur-
ple) January 2004. Observations of individual HNO3-containing
particles are indicated by solid symbols laid over the flight tracks.
Both flights originated and terminated in San Jose, Costa Rica
(10◦ N, 84◦ W). The flight track segment on 29 January marked by
“X” is the region of highest particle concentrations and corresponds
to the purple bar in Fig. 2.

Observations of ambient aerosol from ground-based, air-
borne, and space-borne platforms under a wide range of con-
ditions are providing key guidance in completing our under-
standing of microphysical processes. In situ observations
made on airborne platforms are particularly effective because
they offer high spatial resolution with quantitative detail, and
as a consequence can be used to reveal features of atmo-
spheric aerosol processes that would otherwise be inacces-
sible. An important example of the guiding role of obser-
vations is the discovery of large NAT particles in the Arctic
winter stratosphere using airborne instruments (Fahey et al.,
2001; Northway et al., 2002). Proof of their existence has
led to a refined and more comprehensive view of how NAT
particles denitrify the stratosphere and how atmospheric con-
ditions can affect denitrification (Davies et al., 2005; Mann
et al., 2003). However, the nucleation process for these large
particles remains an unsolved microphysical puzzle.

Here we present evidence for a new category of NAT par-
ticles that nucleate and grow in the tropical lower strato-
sphere. The particles are only a small fraction of the am-
bient aerosol population, and they grow under substantially
different conditions than those found in polar regions. First,
gas-phase HNO3 values observed in the tropical lower strato-
sphere were typically 0.1 ppbv or lower, which is 10 to 100
times less than that available for particle growth in the polar

stratosphere. As a result, the growth times of NAT parti-
cles in the tropical lower stratosphere will generally be much
longer than those of NAT particles in polar regions. Sec-
ond, the particles grow at temperatures much closer to the
frost point. In the tropics, NAT saturation conditions occur
within +1.5 K of the frost point while the difference can ex-
ceed +6 K in the polar lower stratosphere. Third, the new
particles grow over considerable horizontal distances (up to
15 000 km) in a narrow altitude range (a few hundred meters)
near the tropopause where NAT saturation conditions are fa-
vorable. In polar regions, NAT growth can occur over a 5–
10 km vertical extent confined to the low temperature region
of the polar vortex.

2 Particle detection

The tropical NAT particles were detected in situ with a
chemical ionization mass spectrometer (CIMS) onboard the
NASA WB-57F high-altitude research aircraft. The CIMS
instrument measures HNO3 with two independent channels
of detection connected to separate forward- and downward-
facing inlets (Popp et al., 2004). The forward-facing in-
let samples both gas- and particle-phase HNO3. Particles
are inertially stripped from the air stream sampled by the
downward-facing inlet, effectively yielding a measure of
only gas-phase HNO3. Thus, the difference in the signal be-
tween the two channels allows a determination of the amount
of HNO3 in the particle phase (Popp et al., 2004; Gao et
al., 2004). When particle concentrations are low enough
(<∼10−3 cm−3), individual HNO3-containing particles can
be detected as peaks above the background gas-phase value
in the time series of HNO3 measurements. The frequency of
these peaks in the time series and the known particle sam-
pling volume of the CIMS instrument directly yield the am-
bient particle concentration (Fahey et al., 2001).

HNO3-containing particles were observed on two flights
over the eastern tropical Pacific Ocean in January 2004. The
flights originated and ended in San Jose, Costa Rica, (10◦ N)
while reaching the Galapagos Islands (1◦ S) or further south
of the equator as shown in Fig. 1. Time series of observations
and derived quantities for the flights are shown in Figs. 2
and 3. The most intense period of particle observations oc-
curred on 29 January over a 300 km (30 min) flight segment
(marked by X in Figs. 1 and 2). Individual HNO3-containing
particles are identified in Fig. 2a as peaks throughout the seg-
ment. The detection of several individual particles is shown
in Fig. 2e. During the 30 min interval, a total of 59 particles
were observed, yielding an average particle concentration of
6·10−5 cm−3. Lower particle concentrations were observed
for a short period later on the same flight and for several pe-
riods during the flight on 27 January 2004 (Fig. 3). Overall,
particles were found over a narrow range of flight altitudes
(18±0.1 km) and temperatures (190±2 K), and intermittently
over a broad geographic extent (1100 km) between 3◦ S and
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Fig. 2. Time series measurements of the HNO3 mixing ratios observed from the forward- and downward-facing CIMS channels (blue and
red lines in(a), respectively) during the flight of 29 January 2004. The purple bar in (a) represents a 300 km flight segment in which HNO3-
containing particles were observed and corresponds to region X in Fig. 1. Also shown are calculated values of SNAT and measured sulfate
mass mixing ratios (panel(b)); ambient temperature, flight altitude and cold-point tropopause height (panel(c)); and measured water vapor
and calculated values of relative humidity with respect to ice (RHi) (panel(d)). Panel(e) is a 35-s flight segment expanded from panel
(a) that shows HNO3-containing particles as peaks in forward-facing CIMS channel (blue line) and the absence of peaks in the downward-
facing CIMS channel (red line). The HNO3 measurements are shown at 5 Hz in both (a) and (e). Assuming the HNO3-containing particles
are composed of NAT, the spherical-equivalent diameter of the particles is D(µm)=6.0[µHNO3]1/3 whereµHNO3 is the integrated HNO3
mixing ratio for an individual particle in ppbv·s. The calculated particle diameters are shown on the right axes in (a) and (e). The gap in the
HNO3 data at∼17:16 UT in (a) represents a 60-s instrument background measurement. The gaps in the HNO3 data in (e) occur when the
instrument is monitoring the CIMS reagent ion, or the product ions used to measure hydrochloric acid (HCl) or chlorine nitrate (ClONO2).
The HNO3 product ion is monitored for 3 s out of every 10-s period, and derived particle concentrations account for this 30% duty cycle.
Measurements other than HNO3 shown in Fig. 2 are described in Appendix B.
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Fig. 3. Time series measurements of HNO3 mixing ratios observed from the forward- and downward-facing CIMS channels (blue and red
lines in (a), respectively) on 27 January 2004. Also shown are calculated values of SNAT and measured sulfate mass mixing ratios (panel
(b)); ambient temperature and flight altitude (panel(c)); and measured water vapor and calculated values of relative humidity with respect to
ice (RHi) (panel(d)). The HNO3 measurements are shown at 5 Hz in (a). Tropopause height data was not available for this flight.

7◦ N latitude. We note here that the particles were observed
at the maximum flight altitude of the WB-57F (18 km), and it
seems possible that the particles exist in a layer that extends
to altitudes higher than 18 km. Microwave temperature pro-
files show that the cold-point tropopause was typically 0.5 to
1 km below the observed particles (Fig. 2c). The two halves
of the time series in Fig. 2 contrast the flight segment where
particles are detected with one of similar length at lower al-
titude. The latter shows no evidence of particles and further
shows the agreement between the two CIMS detection chan-
nels in the absence of HNO3-containing particles. Additional
evidence for the presence of HNO3-containing particles on
29 January (Fig. 2) is provided by an automatic check of the
background signal of the CIMS instrument. The background
signal is checked at regular intervals during flight by adding
a flow of dry nitrogen to the sample line 6 cm from the inlet
opening. The nitrogen flow is large enough that a fraction

flows out of the inlet opening, thereby preventing ambient
gases or small particles from entering the inlet (Neuman et
al., 2000; Popp et al., 2004). This automatic check is the
cause of the 1-min gap near 17:16 UT in the time series in
Fig. 2. Peaks were not observed during this period, but were
observed in each of several 1-min periods before and after
the background check. This result is consistent with parti-
cles entering the forward-facing inlet being the cause of the
peaks found in the forward CIMS channel.

3 Particle composition and size

We assume the composition of the sampled particles to be
NAT. NAT is the most stable HNO3 condensate at the ob-
served levels of HNO3 and water vapor, and is known to
form at low temperatures in the polar winter stratosphere
(Voigt et al., 2000). The observed particles are unlikely to be

Atmos. Chem. Phys., 6, 601–611, 2006 www.atmos-chem-phys.net/6/601/2006/
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a supercooled ternary solution (STS) composed of H2SO4,
HNO3, and water, or ice particles containing HNO3 on the
surface or in the bulk. Results from the Aerosol Inorganics
Model (Carslaw et al., 1995) indicate that formation of STS
via uptake of HNO3 by the background aerosol population
is not thermodynamically favorable at temperatures greater
than approximately 186 K with observed amounts of HNO3,
sulfate, and water vapor. Furthermore, since there is no ther-
modynamic nucleation barrier to the uptake of HNO3 by
the background sulfate aerosol, all available aerosols would
grow to form STS. The concentration of the resulting STS
population, therefore, would be equivalent to that of the
background sulfate aerosol (∼10 cm−3) and approximately
105 times greater than the particle population reported here.

While cirrus ice particles have been observed to con-
tain HNO3 in the upper troposphere and lower stratosphere
(Kondo et al., 2003; Popp et al., 2004) the particles described
in this study are unlikely to be composed of ice. Using HNO3
contents typical of those observed in subtropical cirrus cloud
particles (Popp et al., 2004), ice particles would need to be
at least 50 to 200µm in diameter to produce an instrument
response similar to that shown in Figs. 2 and 3. These ice
particle sizes represent lower limits, since HNO3 uptake by
ice particles is proportional to the gas-phase partial pressure
of HNO3. HNO3 partial pressures in the subtropical cir-
rus clouds were 5–10 times greater than those observed in
the tropical lower stratosphere during this study (Popp et al.,
2004). The Video Image Particle Sampler (VIPS), which de-
tects particles above∼10µm in diameter (Heymsfield and
McFarquhar, 1996), observed no significant evidence for a
population of large ice particles coincident with the CIMS
particle observations. Furthermore, there was no observable
ice water content in these air masses (<1 ppmv). Ice water
content is measured as the difference between the total water
and water vapor measurements onboard the aircraft (Wein-
stock et al., 1994 and Appendix B).

We also note that the particles observed in this study are
distinctly different from ultrathin tropical tropopause cloud
(UTTC) particles first observed over the western Indian
Ocean (Peter et al., 2003; Luo et al., 2003). While UTTC par-
ticles are only slightly larger than the NAT particles reported
here (∼10µm mode diameter), they are composed of ice, are
more concentrated than the NAT particles by 2 to 3 orders
of magnitude (∼10−2 cm−1), and were observed below the
cold-point tropopause exclusively. UTTCs are stabilized in a
thin layer below the tropopause by an upwelling velocity that
maintains supersaturation with respect to ice above the cloud
and subsaturation below the cloud. This mechanism limits
UTTC particle sizes to less than∼50µm in diameter. Adia-
batic cooling events can destabilize the UTTCs by the forma-
tion of larger particles that sediment from the cloud layer and
evaporate. Thus, UTTC particles cannot grow large enough
to contain HNO3 amounts comparable to the NAT particles
observed here.

With NAT composition assumed, calculated particle di-
ameters are shown with the right hand axes in Figs. 2a and
e. When all particles are examined from both flights, sizes
range from 1.7 to 4.7µm in diameter. There is essentially no
size dependence in the particle number distribution. Particles
substantially larger than 4.7µm would be detected if present.
The lowest observed size is set by the signal to noise ratio
of the HNO3 measurements. Although it is likely that some
NAT particles are present with sizes less than 1.7µm, it is un-
likely that their concentration would be significantly greater
than 6·10−5 cm−3. If a considerable number of smaller par-
ticles were present, they would deplete gas-phase HNO3 and
preclude the growth of the larger observed particles in a rea-
sonable amount of time.

In previous studies in which the CIMS instrument detected
HNO3-containing particles, independent observations of par-
ticle size were available (Popp et al., 2004; Gao et al., 2004).
During these studies, contrail particles with sizes of 1 to
3µm diameter were found to contain HNO3. These earlier
observations confirm that particles greater than∼1µm are
inertially removed from the sample entering the downward-
facing CIMS inlet. In the present study, this lower size limit
is consistent with the absence of peaks in the downward-
facing channel during periods when the forward-facing chan-
nel was detecting NAT particles with inferred sizes of 1.7–
4.7µm.

It is worth noting here that the CIMS instrument is capa-
ble of measuring hydrochloric acid (HCl) and chlorine nitrate
(ClONO2) in addition to HNO3 (Marcy et al., 2005). During
flight, the CIMS instrument measures HNO3 for 3 s out of
every 10-s period. The remaining 7 s are devoted to mea-
suring HCl and ClONO2 for 3 s each, and to monitoring the
CIMS reagent ion for 1 s. Thus, HNO3, HCl and ClONO2 are
observed for an equal amount of time during flight, and par-
ticles were sampled during the HCl and ClONO2 measure-
ments modes at a rate equivalent to that during the HNO3
mode. No peaks in the HCl or ClONO2 time series were
observed during the flights of 27 and 29 January 2004, indi-
cating that neither species is present in the observed particles
in amounts comparable to HNO3.

4 NAT saturation conditions

The formation of tropical NAT particles requires growth un-
der NAT supersaturated conditions (SNAT>1, where SNAT is
the ratio of available HNO3 to the equilibrium value over
an NAT surface) (Hanson and Mauersberger, 1988). Using
observed HNO3, water vapor, and temperature values, only
some of the particles reported here were found in NAT super-
saturated air. For example, during the most intense sampling
period (Fig. 2), conditions were subsaturated with respect to
NAT. This is not unusual since HNO3-containing particles
and ice have been extensively observed in subsaturated air
masses (Northway et al., 2002; Ström et al., 2003). This

www.atmos-chem-phys.net/6/601/2006/ Atmos. Chem. Phys., 6, 601–611, 2006
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Fig. 4. Vertical profiles of ozone (O3) (a), proxy HNO3 (b), temperature(c), and water vapor (H2O) (d) from balloon sonde measurements.
Data in (a–c) were obtained on launches from San Cristóbal, Ecuador (1◦ S, 90◦ W) on 23 and 30 January 2003 and 30 January 2004
(red, green and blue lines) or Paramaribo, Suriname (6◦ N, 55◦ W) on 23 and 30 January 2003 (black and purple lines) from the Southern
Hemisphere ADditional Ozonesonde (SHADOZ) network (Thompson et al., 2004). Data shown in (d) were obtained on launches from San
Cristóbal on 29 and 30 January 2004 (red and green lines) or San Jose, Costa Rica (10◦ N, 84◦ W) on 27 and 29 January 2004 (blue and
black lines). We note that the water vapor data measured from San Cristóbal (red and green lines in (d)) was measured using a frostpoint
hygrometer, which typically reports values∼30% lower than the in situ instruments onboard the WB-57F (Kley et al., 2000). Proxy HNO3
profiles were derived from O3 values assuming a HNO3/O3 ratio of 0.001. The purple region represents the altitude range in which NAT is
stable (SNAT>1), calculated using the median values of HNO3, temperature and water vapor. The red dashed lines in (c) and (d) represent
SNAT and Sice profiles, respectively, also calculated using the median values of HNO3, temperature and water vapor. The black dashed line
indicates the pressure at which particles were observed on the WB-57F flights on 27 and 29 January 2004.

apparent inconsistency potentially can be explained in two
ways. First, the sampled particles are not necessarily in equi-
librium with observed ambient conditions. As conditions
change from supersaturated to subsaturated, NAT particles
will begin to reduce in size, but do so slowly. For example,
a 3-µm particle requires 5–7 days to completely sublimate
at temperatures 1–2 K greater than TNAT . Second, there is
uncertainty in the observed parameters used in the NAT sat-
uration calculation. HNO3 vapor in equilibrium with NAT is
reduced by half if the temperature is decreased by 1 K or if
water vapor is increased by 20%. Uncertainties in the tem-
perature, water, and HNO3 measurements, and the HNO3-
H2O phase diagram, are such that the uncertainty in calcu-
lated SNAT values includes unity throughout the highlighted
region in Fig. 2.

In situ measurements of HNO3 have not been reported pre-
viously for the tropical upper troposphere or lower strato-
sphere. As a consequence, in order to derive a representative
vertical profile of NAT saturation conditions in the tropics,
we use balloon sonde measurements of water and ozone and
previous aircraft observations of the reactive nitrogen (NOy)

to ozone ratio. HNO3 generally accounts for up to 80% of the

NOy reservoir in the lower stratosphere and is a smaller frac-
tion in the upper troposphere (Neuman et al., 2001). Mea-
surements in and near the tropics show that the NOy/O3 ratio
varies between 0.001 and 0.003 in the lower stratosphere,
with the lower values found throughout the inner tropics
(Murphy et al., 1993). These ratios are consistent with a
HNO3/O3 ratio of 0.001 observed in the lower stratosphere
between 1◦ S and 7◦ N during the WB-57F flight on 30 Jan-
uary 2004. Proxy HNO3 profiles for the tropical upper tro-
posphere and lower stratosphere were calculated by scaling
ozone profiles by 0.001. Representative ozone profiles were
obtained from balloon sondes launched from San Cristóbal,
Ecuador (1◦ S) and Paramaribo, Suriname (6◦ N) in January
of 2003 and 2004. Similarly, ice stability is calculated from
water vapor mixing ratios obtained from several balloon son-
des that were coordinated with the aircraft flights. The pro-
files for O3, proxy HNO3, temperature, water vapor, and the
associated regions of NAT and ice saturation are shown in
Fig. 4. The results in Fig. 4 indicate that a 3 km layer near
the tropopause will be supersaturated with respect to NAT
under typical conditions. Within the NAT layer, a narrower
layer of ice saturation might also exist. These results suggest

Atmos. Chem. Phys., 6, 601–611, 2006 www.atmos-chem-phys.net/6/601/2006/
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that even with the low observed HNO3 amounts, NAT par-
ticles could be expected to routinely form near the tropical
tropopause. The existence and width of this tropical layer is
sensitive to HNO3 and water vapor amounts, and tempera-
ture, as noted in an earlier study (Hamill and Fiocco, 1988).
The NAT-supersaturated layer is narrow because of the steep
gradients in the controlling variables. Above the layer, in-
creases in temperature dominate increases in HNO3 in de-
termining NAT saturation. Below the layer, the sharp fall in
HNO3 amounts and increasing temperatures preclude NAT
saturation.

5 Particle growth and trajectory calculations

Particle growth under NAT saturation conditions is governed
by gaseous diffusion, the HNO3 deposition coefficient, and
particle shape. With the assumption of static ambient condi-
tions, calculations of the growth times for a 0.1µm diameter
particle in the background aerosol to become a 2 or 3µm
NAT particle are shown in Fig. 5. The growth model used
here is described in Appendix A. For observed HNO3 val-
ues near 0.1 ppb, growth times are in the range 8–17 days
when the temperature is below the saturation point. The
temperature and water vapor dependences (not shown) are
not strong. For the largest particles, however, a doubling of
HNO3 approximately halves the growth time. Particle sedi-
mentation rates, which vary strongly with size, are approxi-
mately 13 m day−1 and 80 m day−1 for 1µm and 3µm di-
ameter particles, respectively, at observation altitudes. Thus,
net displacements for the largest particles over a continuous
growth period are only hundreds of meters, which is the ap-
proximate depth of the typical NAT-stable layer above the
particle observations (Fig. 4). It is worth noting here that
a population of 3µm NAT particles with a number density
of 6·10−5 cm−3 contains the gas-phase equivalent of 2 pptv
HNO3 at 80 hPa. The nucleation and growth of such a di-
lute population of particles, therefore, does not significantly
deplete gas-phase HNO3.

Back-trajectory calculations provide strong evidence that
suitable conditions existed for prolonged NAT growth. Tra-
jectories initiated at all particle observation locations show
that air parcels were continuously at low latitudes and low
temperatures near the tropopause for at least 6–14 days prior
to sampling. The trajectories, which include particle growth
and sedimentation, are extended backwards in time until a
particle reaches a size near 0.1µm in order to locate the
approximate nucleation location. A small upwelling veloc-
ity (0.3 mm s−1) characteristic of the tropopause region is
also imposed on the trajectories, which serves to lower the
sedimentation rate of the particles during the growth period.
For observations under NAT-supersaturated conditions on 27
January (Fig. 3), the particle trajectories show that particles
nucleated at slightly higher altitudes between 6 and 14 days
prior to sampling, and in some cases traveled over 15 000 km
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Fig. 5. NAT particle growth times plotted as a function of available
gas-phase HNO3 using the model described in Appendix A. The
calculations assume a pressure of 80 hPa and the observed water
vapor mixing ratio of 3.4 ppmv. Green, blue and red lines represent
growth times at 187, 188 and 189 K, respectively. The time repre-
sents that needed for a 0.1µm diameter particle to grow to a 2µm
(dashed line) or 3µm (solid line) diameter NAT particle. The NAT
saturation temperature is shown as the black solid line.

during this period (Figs. 6 and 7). This difference in tra-
jectory length indicates that nucleation is not localized geo-
graphically, for example, near a convectively active region.
Particles that never reach the background particle size dur-
ing the 15-day back trajectory encountered NAT subsatu-
rated air, as indicated by the SNAT and particle diameter
histories shown in Fig. 7. Since particle histories are cal-
culated backwards in time, the particle size increases when
SNAT>1. Hence, the back trajectory calculations cannot ex-
plain the formation of these particles. Furthermore, the par-
ticles observed on 29 January (Fig. 2) have back trajectories
that leave the tropics after∼6 days, somewhat before the par-
ticles reach background sizes. In this case, the departure of
the trajectories from the tropics after 6 days is uncertain be-
cause the air is moving along an anticyclonic pathway from
higher latitudes. The particles were located near the edge of
the anticyclone, and the location of the anticyclone bound-
ary in the analyses used for the trajectories is very uncer-
tain. It is entirely plausible that the anticyclone was actually
slightly further north, in which case the particles would have
remained in the zonal westerly tropical flow.

6 Particle nucleation

The nucleation process for tropical NAT particles cannot be
unambiguously identified. However, it is known that all
available particles do not nucleate to form NAT, because the
tropical NAT particles are collocated with a large population
of background particles, assumed to be primarily composed
of sulfate. This background aerosol, observed separately
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Fig. 6. Fifteen-day particle back trajectories for particles observed under NAT supersaturated conditions (SNAT>1) during the flight on 27
January 2004 (Fig. 3). On this day, the WB-57F aircraft flew out and back along a track due south from San Jose, Costa Rica. The flight
track is shown in black. Individual trajectories are distinguished by color. Note that some particles travel more than 15 000 km between the
time of observation in the tropical eastern Pacific Ocean and their point of origin in the Indian Ocean.

on both flights with an optical particle counter (Appendix
B), show concentrations of about 10 cm−3 and mode diame-
ters near 0.1µm, which are typical of the lower stratosphere
(Brock et al., 1995). If tropical NAT particles nucleate on
background sulfate particles, fewer than 1 in 105 participate.
This small fraction of NAT particles was also found in the
Arctic winter vortex (Fahey et al., 2001). In this previous
case, the nucleation process, which remains unsolved, might
include seeding by a mother cloud, heterogeneous nucle-
ation of sulfate or meteoritic material, and cosmic ray activity
(Tabazadeh et al., 2001; Dhaniyala et al., 2002; Fueglistaler,
2002; Drdla et al., 2003; Voigt et al., 2005; Yu, 2004).

Nucleation of tropical NAT particles by a mother cloud
seems highly unlikely because of the requirement for ice sat-
uration conditions above the NAT growth region (Dhaniyala,
2002; Fueglistaler, 2002). However, nucleation could occur
stochastically in a homogeneous process possibly aided by
cosmic rays (Yu, 2004; Carslaw et al., 2002), or in a het-
erogeneous process involving nuclei or inclusions of special
composition (Bogdan et al., 2003; Drdla et al., 2003). A re-
cent study of large NAT particles in polar regions concludes
that nucleation on meteoritic inclusions offers the most plau-
sible option (Voigt et al., 2005). Because meteoritic material
is ubiquitous in the stratosphere (Cziczo et al., 2001), a sim-
ilar nucleation process would be possible in the tropics.

What is known is that tropical NAT particles nucleate in
air very similar in composition and recent history to the air
in which they were observed. This follows simply from the
knowledge that particles sediment small distances when sizes
remain below a fewµm in diameter and that particle trajec-

tories during growth necessarily remain close to the tropical
tropopause in NAT supersaturated conditions. Thus, air sam-
pled with the particles observed here likely also contained
other examples of background particles that could nucleate
NAT.

7 Implications

Several important implications follow from the observations
of tropical NAT particles and inferred formation conditions.
First, it seems reasonable to speculate that the tropical and
polar NAT particles nucleate with a common process since
low NAT particle concentrations are observed in both re-
gions. This common process would likely involve a small
number of special particles with the ability to nucleate NAT,
or require that the homogeneous nucleation rate be slow
enough to activate only a small fraction of the available sul-
fate aerosol over the growth times allowed by tropical and
polar trajectories. Thus, the definitive identification of the
tropical NAT particle nucleation process is likely to further
our understanding of particle nucleation processes in the po-
lar regions.

Second, ice particles might form via a similar nucleation
process and with the same nuclei as tropical NAT particles.
Theoretically, there seems nothing to distinguish the micro-
physics of NAT nucleation from that of ice that would sug-
gest that NAT would form and not ice when both are super-
saturated. For example, their respective saturation temper-
atures typically differ by less than 2 K near the tropopause.
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A dilute population of ice particles could grow and sediment
near the tropical tropopause and, thereby, represent a new
contributing pathway to stratospheric dehydration.

Third, the observations and trajectory analyses of tropi-
cal NAT particles imply that these particles might be a com-
mon feature of the tropical tropopause region. As a test,
we used a forty-day back trajectory ensemble initiated glob-
ally in the deep tropics in the 10 December 1995–20 Jan-
uary 1996 period (Jensen and Pfister, 2004). Tropopause
temperatures are lowest in northern hemisphere winter and,
hence, most favorable for NAT formation. The analysis
shows that 10% of air masses between 5◦ S and 5◦ N latitude
and near the tropopause were supersaturated with respect
to NAT (SNAT>1) for periods of at least 6 days or longer.
Since 6 days is the approximate time required for particles
to grow to detectable sizes under conditions reported here
(Fig. 7), we estimate that approximately 10% of air masses
in the deep tropics could contain NAT particles with the ob-
served properties in the December/January period. We also
note that this may be a conservative estimate, since particles
were observed over an 1100 km region on 2 out of 3 south-
bound flights from Costa Rica during this study.

Fourth, at the number concentrations and sizes observed,
tropical NAT particles will not be observable in satellite ex-
tinction measurements. Calculated extinction values are near
1·10−6 km−1 at 525 nm, which is much less than the back-
ground aerosol extinction and below reasonable detection
thresholds for a thin aerosol layer near the tropopause. Pre-
vious inferences of tropical NAT particles are based on much
larger extinction values (>0.01 km−1) (Hervig and McHugh,
2002) that are not consistent with the low HNO3 abundances
observed in situ during this and previous studies (Jensen and
Drdla, 2002).

Appendix A

Model to calculate NAT particle growth times

We use a standard diffusional growth law (Pruppacher and
Klett, 1978) in the form

G ≡ a
da

dt
=

Mn

ρ
µ · κDnβn

pn − pNAT

kT
, βn =

1

1 + 4κDn/(αuna)
(A1)

to calculate the time an ensemble of monodisperse particles
composed of NAT needs to grow from an initial radiusai

to a final radiusaf at a fixed temperatureT , HNO3 partial
pressurepn, H2O partial pressurepw, and air pressurep of
80 hPa. In Fig. 5 we have assumed an H2O volume mixing
ratio of 3.4 ppmv and vary the total HNO3 concentration.

Here,t is the time,a is the particle radius,Mn is the mass
of an HNO3 molecule,ρ=1.62 g/cm3 is the NAT mass den-
sity, µ=(3Mw + Mn)/Mn is a flux correction factor with the
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Fig. 7. Particle size and growth conditions along fifteen-day back
trajectories that were initiated at locations where particles were ob-
served on the flight on 27 January 2004 (Fig. 3). Individual particles
are distinguished by color coding according to the same scheme in
Fig. 6. Throughout the trajectory period, the particles are growing
(forward in time) because they largely remain in air that is supersat-
urated with respect to NAT (SNAT>1). Temperatures of 190 K or
less are characteristic of the tropical tropopause region. Increasing
pressure values indicate that the particles are sedimenting as they
grow.

massMw of an H2O molecule,κ=1.61 is the capacitance
accounting for the non-spherical shape of NAT particles,
Dn(p, T ) is the diffusion coefficient for HNO3 molecules in
air,βn is a correction factor accounting for gas kinetic effects
that become important within about one molecular mean free
path around the particle surface,pNAT(pw, T ) is the NAT
saturation vapor pressure (Hanson and Mauersberger, 1988),
and k is the Boltzmann constant. The factorµ takes into
account that one impinging HNO3 molecule is accompanied
by three H2O molecules to form NAT at the particle surface,
implying that H2O molecules equilibrate with the particles
much quicker than HNO3 due to their much higher gas phase
abundance. In the expression forβn, α=1 is the deposition
coefficient andun is the thermal speed of HNO3 molecules.
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The growth equation is solved explicitly according to

a(t + 1t) =

√
a2(t) + 2G(t)1t (A2)

using a time step1t=30 s with a(t=0)=ai until af is
reached. As only a small fraction of the HNO3 molecules
is in the particle phase, significant depletion of the gas phase
does not occur andpn approximately equals the total HNO3
pressure.

Appendix B

Supporting measurements

Ambient temperature was derived using static pressure, pitot
pressure, and total temperature observed with external air-
craft probes. Water vapor was measured using an open-path
laser light absorption method (May, 1998). Ice water content
was derived from the difference between total water and wa-
ter vapor, measured via Lyman-α fluorescence (Weinstock et
al., 1994). Sulfate aerosol number density and size distribu-
tions were measured using an optical particle counter (Wil-
son et al., 1992). The vertical profile of temperature near
the aircraft and tropopause height were derived using a pas-
sive microwave temperature profiler (Denning et al., 1989).
Water vapor profiles shown in Fig. 4 were measured using a
tunable diode laser balloon sonde hygrometer (Hagan et al.,
2004).
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