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Contamination-induced particle production during balloon flights:
Origin for unexpected ice particle observations in the Arctic?

Cornelius Schiller‘, Terry Deshlerz, and Thomas Peter’

Abstract. Stratospheric air in the vicinity of a balloon pay-
load have been found to be contaminated with H,O mixing
ratios of 10-80 ppmv during ascent, float, and slow descent at
altitudes above 20 km. The contamination appeared in brief
events often coincident with the occurrence of micron-sized
particles and with increased temperatures. The observed H,O
mixing ratios may result in ice particle production within 10-
60 s in the lower stratosphere, even at temperatures around
200 K, i.e. well above the frost point of the ambient air. Thus,
plumes of H,O-contaminated air must be seriously considered
as an explanation for balloon-borne observations in the past,
which have been interpreted as apparent thin layers of large
ice particles above the frost point. These possible artifacts re-
duce the weight of evidence for NAT-coated ice particles in
the stratosphere at temperatures above the frost point.

Introduction

During a balloon flight on 920127 (yymmdd format) from
Kiruna, Sweden (68°N), particles with radii r = 5 pm were
detected in burst-like events at altitudes between 19 and 24
km and were interpreted as thin ice particle layers [Deshler et
al., 1994]. Within altitude intervals of 30-50 m, correspond-
ing to the 0.1 Hz sampling frequency, concentrations of large
particles changed by several orders of magnitude. These ob-
servations were made during ascent in daylight. Descent
measurements were not available due to instrument failure.
The origin and existence of such large particles is a mystery.
Calculations of the condensed mass indicated water vapor
mixing ratios of 0.5-6.0 ppmv in the most prominent particle
events, which was found to be consistent with Arctic strato-
spheric water vapor measurements of 5.5-6.0 ppmv in this al-
titude range. This led Deshler et al. to suggest that the parti-
cles were ice even though the air temperature was 5-10 K
above the frost point, defined as the maximum temperature at
which ice can exist in equilibrium with the available gas
phase H,O. The interpretation was further complicated by
temperature oscillations displaying peak-to-peak amplitudes
of 5-10 K in the altitude range of the particle observations.
Particle events between 20 and 24 km were positively corre-
lated with temperature. During a nighttime balloon flight 7
hours prior to these observations, Khattatov et al. [1994] also
found aerosol events at the same altitudes, but scattering ra-
tios were not indicative of ice. Other so-called micro-layers of
particles have been reported from the Arctic on 890130
[Hofmann and Deshler, 1989], containing particles with
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maximum radii of 2-3 um and therefore much lower mass
mixing ratios. These layers have been interpreted as NAT
particles [Hofinann, 1990], but they might possibly be related
to the contamination phenomenon reported below.

Based on a mesoscale mountain-wave model and micro-
physical studies, Peter et al. [1994] suggested that ice clouds
had formed in lee waves over the Norwegian mountains 200-
300 km upwind of the observations on 920127. In an attempt
to explain Deshler et al.’s observations of large particles
above the frost point, they suggested that ice particle lifetimes
might have been prolonged due to a coating of nitric acid tri-
hydrate (NAT). Evidence for the existence of stratospheric ice
crystals which contain nitrate ions and apparently survive
longer in an environment subsaturated with respect to ice has

been provided by airborne measurements [Goodman et al.,
1997]. Middlebrook and Tolbert [1996] found in laboratory
studies, using fast thermal desorption, that ice coated with
nitric acid trihydrate evaporated at temperatures about 4 K
higher than uncoated ice. Biermann et al. [1998] showed in
thermodynamic laboratory experiments that a thin (10-100
nm) NAT coating is not capable of protecting an underlying
macroscopic (@ = 1 cm) ice layer against evaporation, even if
temperatures are only marginally (0.2 K) above the ice point.
The latter thermodynamic experiment is not in contradiction
with the kinetic measurement by Middlebrook and Tolbert,
but puts it in perspective by suggesting that a NAT coating
can at most lead to a slight prolongation of the ice lifetime.
The applicability of these macroscopic experiments to micro-
scopic stratospheric particles remains an open question.

Here, H,O and particle measurements are used to discuss
the potential of artificial particle production due to H,O con-
tamination. Such artifacts could explain balloon-borne obser-
vations of plumes of large particles above the frost point.

Measurements of H,O, T, and particles

The problem of contamination of balloon-borne water va-
por measurements due to outgassing of tropospheric water
vapor from the balloon and the payload has been known for
many years, €.g. from frost point measurements by Masten-
brook [1964] or IR spectrometer measurements by Zander
[1966]. In the latter study, during a float of several hours an
unexpected increase in humidity was found with increasing
solar elevation angle. Zander explained this dependence with
a geometric argument, namely that the H,O contaminated
cloud around the balloon is in the field of view of the instru-
ment only for high elevation angles. Thus the diameter of the
H,O cloud surrounding the balloon (approximately 30 m di-
ameter at float) could be estimated to be on the order of 100
m. For these reasons, most in situ measurements — and not
only those of water vapor — are carried out during descent at
rates > 1 m/s. Particle measurements, however, have not gen-
erally been shown to suffer the same restrictions.

Here we report on massive H,O contaminations observed
on balloon flights of a balloon-borne Lyman-a fluorescence
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Figure 1. Time series of pressure (flight profile), H,O, parti-
cle concentration, and ambient temperature, as measured
during the flight on 970211.

hygrometer on 901110 and 970211. The hygrometer [Zoger et
al., 1999] was flown in combination with other in situ in-
struments, e.g. a cryogenic whole air sampler. The effect of
contamination in air samples taken during ascent has been
demonstrated by analyzing for H,, i.e. the balloon filling gas
[Schmidt et al., 1991]. The gondolas consist of an open alu-
minum structure optimized to permit free airflow to the in-
strument inlets during descent. All instruments are designed
to minimize the risk of contamination, e.g. by using exclu-
sively surfaces made of electropolished stainless steel or alu-
minum. The dimensions of the whole payload are 4 m X 4 m X
2 m, the distance between the balloon (size 35,000 m® on
901110, 100,000 m* on 970211) and the payload is = 120 m.
During the first balloon flight of the prototype instrument
at midlatudes on 901110, highly contaminated measurements
were obtained during ascent and at float altitude, while de-
scent measurements yielded a typical stratospheric H,O pro-
file [Mérschel et al., 1991]. The payload was launched under
cloudy conditions just before onset of precipitation. H,O
mixing ratios measured during ascent ranged from 20 ppmv
when the measurement was started at 21 km (40 hPa) to more
than 80 ppmv when the float altitude was reached (7:03 UT).
The balloon oscillated at the float level (29 km) with an am-
plitude of approximately 150 m. Correspondingly, the H,O
signal showed strong peaks up to 160 ppmv in phase with
maximum ascent rates during the oscillations. The strength of
these peaks decreased during the 35 min float duration. The
smaller peaks (< 25 ppmv) at float have been interpreted as
contamination from the gondola, while the major peaks have

been attributed to outgassing of the balloon. As soon as a de-
scent rate > 2 m/s was achieved, typical stratospheric mixing
ratios of 4-5 ppmv were measured.

On 970211, the hygrometer was part of a balloon payload
launched from Kiruna after sunrise. During inflation of the
balloon and the launch sequence, moderate snow was falling.
The flight was planned to measure atmospheric H,O profiles
during descent. Due to the known problems during ascent, the
measurements were started only shortly before reaching float
altitude. Figure 1 shows time series of the unfiltered H,0O
measurements with 1 Hz sampling frequency. The valve-
controlled flight profile can be divided into four regimes: The
ascent (< 10:56 UT), the float (10:56-11:13), the slow descent
with variable descent rates and periods of short ascents
(11:13-11:38), and the descent with rates > 2 m/s (> 11:38).
After the hygrometer started operation at 10:47, a structured
contamination with H,O abundances between 8 and 80 ppmv
was measured. Experience from other balloon and aircraft
measurements using this hygrometer show that potential in-
ternal contamination of the instrument occurs only for a
maximum time of 30-60 s after the valves are opened; there-
fore, all subsequent signal has to be attributed to the ambient
air. At float, measured H,O mixing ratios show again pro-
nounced features, but at values between 6.5 and 25 ppmv.
During the slow first part of the descent, contamination
events with a few ppmv are still observed, coinciding with
periods of short ascents. The lower envelope can be regarded
as the uncontaminated atmospheric mixing ratios (5.2-6.2
ppmv) typical for the polar vortex. The determination of
2-CH, + H,0 using CH, data from a whole air sampler yields
a constant value consistent with that at lower altitudes [A.
Engel and C. Schiller, unpublished results]. During the fol-
lowing descent, there is no indication of contamination, sug-
gesting that the true atmospheric H,O profile is measured.

Temperature was measured by a thermistor approximately
4 m from the hygrometer outside the gondola. Striking tem-
perature features were observed at the end of the ascent, dur-
ing float, and slow descent with peak values 5-10 K above the
lower envelope (Figure 1). Temperature changes of this mag-
nitude and spatial scales are unlikely to occur in the strato-
sphere except possibly in breaking lee waves. When measur-
ing air temperature in the vicinity of balloon or equipment at
stratospheric pressure, errors of this magnitude are easily su-
perimposed as a result of inappropriate ventilation, or radia-
tion and response time errors [e.g. Ney et al, 1961]. Such
phenomena occur primarily at float or during non-constant
ascent or descent rates. Thus, it is not surprising that the most
pronounced temperature features coincide with changes of the
vertical velocity and in several cases with enhanced H,O.

On 970211, a Wyoming optical particle counter, as used
before by Deshler et al., was also included on the gondola.
Events of enhanced particle concentrations for sizes up to 2
pm, the maximum detectable size with the counter used on
this day, are observed (Figure 1). At float and during descent,
they occur exactly when the aforementioned temperature
features are observed. During ascent additional particle events
are observed, coinciding with adjustments to the balloon as-
cent rate, but without coinciding temperature enhancement.
Spatial inhomogeneities of the contamination and the dis-
tance between the instruments might be the reason that not all
features coincide for all parameters T, particles and H,O. The
total condensed mass in most particle events peaks near 1
ppmv H,O. This is below the natural maximum of 4-7 ppmv,
which could be expected if the particles were natural. This
complicates the analysis of these layers because the identifi-
cation of the particles as artificial requires simultaneous H,O
measurements. From the condensed mass, and relatively high
number concentrations for large particles, we can exclude the
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Figure 2. Frost point (calculated from Marti and Mauers-
berger [1993]) at 40 hPa versus H,O ranging from strato-
spheric background to values inside contaminated plumes.

possibility that the particles are composed of pure NAT, as
observed recently by Fahey et al. [2001].

More recent flights of the hygrometer on 990206, 000127,
000301 and 990503 showed very similar events of enhanced
H,O0 during ascent, at float and during the early slow descent.
So far these measurements were performed on large balloons
during daylight, as were the two particle counter flights dis-
cussed above. Other particle counter flights on large balloons
during the night or on smaller balloons during the day have
not displayed these unusual particle events.

Discussion

The particle measurements on 920127 and on 970211 were
performed under similar conditions: same location, season,
time of day, and low stratospheric temperatures, around 195
K, but significantly above the frost point; however, the flight
on 920127 was launched under clear sky while 970211 under
snowfall. Dimensions and configuration of the flight train and
the balloon as well as ascent rates were comparable up to 18-
20 km. Above this point the flight profiles differed slightly as
the balloon ascent rates were slowed.

Comparing the features observed on both flights, there are
a number of similarities. Both data sets show events with
rapidly changing particle sizes and/or H,O, which could be
interpreted as ultrafine layers whose vertical extension is on
the order of the descent rate divided by the sampling fre-
quency or even lower. During both flights several particle
events are characterized by temperatures enhanced by 5-10 K
above temperatures at neighboring altitudes. Due to the
above-mentioned artifacts of temperature measurements,
Deshler et al. classify the large temperature fluctuations ob-
served on 920127 as spurious. There are, however, two dif-
ferences between the temperature measurements on the two
days. On 920127 the strong temperature oscillations begin
during ascent, well below ceiling, and fluctuations in the as-
cent rate suggested several strong temperature inversions
above 20 km. This suggests real atmospheric temperature
perturbations, which Deshler et al. took as indicative of
mountain waves being the origin of the observed particles.
For the flight on 970211 under conditions without mountain-
wave perturbations, the temperature features between the end
of the ascent and the steady descent must be classified as er-
roneous, and the spurious temperature fluctuations may be
related to the lower and more oscillatory ascent rate and/or
differences in gondola configuration.

Ascent rates during the large particle events on 920127
were 1-4 m/s with only a few lower exceptions. Under such
conditions water vapor contamination can originate from the
balloon skin carrying H,O from the tropopause as suggested

by Zander [1966], from H,O traces in the balloon filling gas,
or from the payload itself. An unambiguous identification of
the source for the observed contamination events is hardly
possible based on available data.

Considering an ascent rate of 3-5 m/s and the distance
between the payload and the center of the balloon of ap-
proximately 150 m, H,O contamination from the balloon skin
could generate large supersaturations with subsequent forma-
tion and growth of ice particles, which may be detected 30-50
s later by the payload. The contamination could be caused by
H,0 evaporating from the balloon skin, for example when the
solar heating of a skin segment changes after a rotation. This
may generate massive supersaturations when the H,0-

enriched air cools upon mixing with cold ambient air. Such a
contamination could either by itself be discontinuous, or it
could be detected intermittently due to vertical wind shear
causing oscillations of the gondola, and therefore could ap-
pear as particle micro-layers at the payload’s altitude.

The gas filling of the balloon could also be the source of
H,O enriched plumes. The H, used is specified to contain a
H,0O mixing ratio of less than 20 ppmv by the supplier (AGA
Gas AB). Again, this could lead to layer-like particle events at
the altitude of the payload when either gas is released during
a balloon maneuver or when the particles sediment out of the
gas filling after adiabatic cooling. Due to adiabatic expansion,
the temperature inside the balloon is lower by 5-10 K than
ambient temperature during ascent. Thus, formation of ice
particles in the balloon gas itself is likely. During the 30 min
ceiling, the gas temperature approaches the ambient tem-
perature, and during descent it becomes warmer than the sur-
rounding air by up to 30 K. These observations are similar for
other balloon flights including that of 920127.

It is, however, much less clear how ice particles formed
within the balloon would exit the balloon envelope except
during a balloon maneuver, when the valve at the top of the
balloon is open. The balloons used were open at the base with
a duct; however, this duct is effectively open only close to
ceiling altitudes when the balloon is fully inflated. The parti-
cle events on 920127 began during ascent at 40 hPa, well
below the ceiling, and could not be associated with balloon
maneuvers, while those on 970211 could be closely associ-
ated with balloon maneuvers, i.e. changes in ascent rate.

Both the H;O measurements, and consideration of the
balloon environment, suggest that contamination will most
likely occur through outgassing of HO from either the bal-
loon envelope or filling gas. In this case thermodynamic and
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Figure 3. Time required for ice crystals to grow to 2 um
(solid lines) and S um (dashed lines) radius versus H,O at 40
hPa for different temperatures. Horizontal lines mark the pe-
riod from the emission from the balloon until the gondola
reached the plume.
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kinetic conditions would then support the development of
large particles. The observed water mixing ratios of 10-80
ppmv imply significantly higher frost points than those given
by undisturbed stratospheric mixing ratios of 4-6 ppmv. Fig-
ure 2 shows these frost points at 40 hPa ambient pressure as a
function of the H,O mixing ratio y. At y = 80 ppmv the frost
point reaches 205 K. Under such conditions the stratospheric
background particles (H,SO4/H,O droplets) will take up water
and freeze as water ice particles within a fraction of a second.
However, the subsequent growth process is much slower,
hence rapid nucleation alone does riot guarantee that the ice
crystals reach the large radii r > 5 pm as observed.

The time t required for ice particles after nucleation to
grow to a radius r can be estimated from r-dr/dt = f-(S-1),
where S = pyao/pazo - is the saturation ratio of water with re-
spect to ice, with water partial pressure in the contamination
plume pyyo and temperature-dependent water vapor pressure
over ice pyyo - An approximate expression for the growth
factor [Peter et al, 1994] is B = 1.3-10°um¥s (x/S)
(T/1190K)"? / (1+1.6um/r). Assuming y and T to remain con-
stant during growth process, the growth law can be integrated
to yield the growth time

ra3g.105s L. S (190KN? r [ r
' x §-1 T um | um

A high H,O mixing ratio y helps the ice crystals to grow to
large radii even within the 30-50 s available between the re-
lease of a contaminated plume at the balloon and its detection
by the instruments. Figure 3 shows typical growth times for
ice crystals to reach r = 5 pm as observed on 920127 (dashed
lines) according to the growth time equation. At 190-195 K, y
= 40-75 ppmv may generate 5 pm particles within the 30-50 s
time lag. y = 15-30 ppmv is required for particles to grow
within the same time to r = 2 pm as observed on 970211
(Figure 3 solid lines). This range of H,0O and T covers the ob-
servations in the contaminated plumes. At 205 K, y < 100
ppmv does not suffice for particle growth.

Alternatively, the payload itself could be the source of the
contamination, but this is unlikely. Ascent rates of even 1-2
m s would not allow vapor emitted by the gondola to be re-
sampled as particles after 30-50 s. The particles might also
have been formed already on the moist balloon skin or the
payload, and could be occasionally released due to mechani-
cal stress on the skin or changing illumination by the sun if
the balloon were rotating. They evaporate rapidly (the same
equation as for the growth rate is applicable) and moisten the
nearby air. Nevertheless, they survive before they are reached
by the payload if their original size is large, say r 2 30 pm.

+3.2}

Summary and conclusions

Simultaneous balloon-borne H,O, temperature and particle
measurements suggest that artificial ice particle production
can occur at temperatures around 200 K, well above the am-
bient frost point, due to H,O contaminations on the order of
25-100 ppmv. The observed H,O and particle enhancements
appear in short-lived events, which could be explained in
terms of bursts of H,O emission from the balloon skin or
filling gas. In these events the condensed particulate mass
was near 1.0 ppmv H,O. Since condensed H,O masses of a
few ppmv can occur in a typical stratospheric ice cloud, the
interpretation of such particle layers is complicated and sug-
gests the need for coincident H,O measurements. Artificial
particle production in the wake of balloons will not occur at T
> 205 K, since even for 100 ppmv H,O the air remains un-
saturated with respect to ice. For observations in darkness the
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degree of desorption from the balloon skin is lower in the ab-
sence of sun light heating the surfaces. Contamination is also
unlikely to affect measurements during descent at rates > 2
m/s independent of temperature or sun light conditions.

These measurements could also explain some observations
in the past which were interpreted as particle micro-layers at
temperatures above the frost point. Natural mechanisms for
extending the existence of ice particles to temperatures above
the frost point, such as NAT-coating, have been suggested as
possible explanation in several microphysical studies in the
past. Recent laboratory studies, however, do not corroborate
this idea, and the experimental evidence for such a phenome-
non has diminished with our study.
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