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1. OVERVIEW

Upper tropospheric water vapor supersatura-
tions over ice of up to unexplained 200% in-
side and outside of cold cirrus clouds are fre-
quently reported from aircraft and ballons in re-
cent years (Ovarlez et al. (2002), Gao et al.
(2004), Jensen et al. (2005), Vomel and David
(2007)). Such supersaturations may have sig-
nificant impact on climate, since higher criti-
cal supersaturation for ice cloud formation than
hitherto assumed will lead to a decrease in high
cloud cover, which in turn feeds back to the radi-
ation balance of the atmosphere Gettelman and
Kinnison (2007). Supersaturations inside cirrus
interact with the ice clouds microphysics and
thus with the radiative properties of the cloud
as well as the vertical redistribution of water va-
por through sedimentation of ice crystals. Peter
et al. (2006) summarised this 'supersaturation
puzzle’ and raise the question whether it maybe
caused by a lack of understanding of conven-
tional ice cloud microphysics or by uncertainties
or flaws in the water instruments.

Here, we present high quality field observa-
tions of supersaturations in and outside of cirrus
from 28 flights in ten field campaigns in Arctic,
mid-latitude and tropical cirrus clouds. In our
data set, no supersaturations larger than 200%
are found.

In addition, the temporal evolution of super-
saturations in ice clouds formed at the aerosol
chamber AIDA by different types of aerosol par-
ticles are shown. Combined analysis of the
field as well as the laboratory observations sug-
gests that conventional ice cloud microphysics
can explain our supersaturation observations.

2. EXPERIMENTALS

Water vapor measurements from several instru-
ments operated on three different aircraft and in
the AIDA chamber during the above mentioned
campaigns are analyzed in the present study.
During field experiments with the Russian
M55 Geophysica, water vapor was deter-
mined simultaneously with the FISH (Fast In-
situ Stratospheric Hygrometer) and the FLASH
(FLuorescent Airborne Stratospheric Hygrom-
eter), both closed cell Lyman-a fluorescence
hygrometers. The FISH is equipped with a
forward facing inlet sampling total water, i.e.
gas phase + ice water. Ice particles are over-
sampled with an enhancement depending on
altitude and cruising speed of the aircraft. Cor-
rections are applied during post-flight analysis.
The FLASH uses a down-ward facing inlet that
excludes ice particles and samples only gas
phase water. Those experiments that used the
German enviscope-Learjet or DLR Falcon em-
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Figure 1: AIDA laboratory observations of RH;.. vs. temperature in- and outside of cirrus for 10
ice nucleation experiments initiated by different aerosol particles. The arrow shows the direction
of time of the experiments, the star denotes for one examplary experiment the point where ice
crystals appear for the first time. The black dotted line represents water saturation, the black solid
line the homogeneous freezing threshold after Koop et al. (2000).

ployed versions of the FISH for the total wa-
ter measurements, while gas phase water was
measured with the open path TDL OJSTER
(Open path Juelich Stratospheric Tdl ExpeR-
iment, MayComm Instruments. During labo-
ratory campaigns at the AIDA chamber, gas
phase water was also measured with an open
path TDL.

The relative humidity with respect to ice,
RHic., is calculated as (H2Ogas/H2Osat ice) - 100
(H2Ogas: gas phase water vapor, HzOgag ice:
water vapor saturation wrt ice after Marti and
Mauersberger (1993)). The term ’supersatura-
tion’ refers to relative humidities with respect to
that ice that exceeds 100%.

3. AIDA ICE NUCLEATION EXPERIMENTS

The ice nucleation experiments performed at
the AIDA chamber offer the possibility to study
the RH;.. evolution in cirrus life cycles (opera-
tion of the AIDA facility as an expansion cloud
chamber for ice nucleation studies is described
in detail by Monhler et al. (2003) or Mangold et al.
(2005)).

RH;.. inside and outside of ice clouds gen-
erated at the AIDA chamber are shown in Fig-

ure 1 for ten ice nucleation experiments initi-
ated by different aerosol particles. As homo-
geneously feezing aerosol sulfuric acid - wa-
ter (red) and ammonium sulfate (blue) particles
were injected in the AIDA chamber. In addition,
as heterogeneously freezing particle types soot
(black) and mineral dust (yellow) were used.
These particle types are chosen because they
are believed to be important components of the
upper troposheric aerosol particle population,
though the knowlegde of the aerosol in this alti-
tude is very limited.

3.1 Outside AIDA ice clouds

In Figure 1 (right panel) RH;.. before ice forma-
tion is shown for aerosol particles with differ-
ing freezing thresholds. Each stroke represents
one experiment and the freezing thresholds are
the upper ends of the strokes (the star denotes
for one examplary experiment the point where
ice crystals appear for the first time).

During the homogeneous ice nucleation ex-
periments with liquid sulfuric acid-water parti-
cles (red strokes) RH;.. increases up to around
the homogeneous freezing threshold derived by
Koop et al. (2000) (black solid line). Ammo-



nium sulfate particles (blue), though liquid, nu-
cleate below the homogeneous freezing thresh-
old, because crystallization in the liquid droplets
already starts during the cooling process (Man-
gold et al., 2005). Soot and mineral dust par-
ticles (black and yellow) freeze well below the
homogeneous freezing threshold, mineral dust
already at RH;.. only slighlty exceeding 100%
(Mangold et al. (2005), Mdhler et al. (2005)) .
In addition to the dependence of the freezing
tresholds on the aerosol type, it can be seen
that ice nucleation occurs at higher supersatu-
rations for lower temperatures.

3.2

In the left panel of Figure 1 RH,., after ice for-
mation is shown for the same experiments as in
the right panel, i.e. the coloured curves in the
left panel continue the respective right panels
strokes. Note here that the RH;.. development
inside of the AIDA ice clouds is not directly com-
parable to the atmosphere because of the H,O
flux from the wall into the chamber during the
existence of ice crystals. However, a qualita-
tive picture of the evolution of RH;.. during an
ice cloud cycle can be derived from the AIDA
observations.

After ice crystal formation and continuous
cooling RH;., still rises up to a ‘peak RH;.,’. This
increase in RH;.. is because the ice crystals are
so small in the beginning, that the water de-
pletion of the gas phase is not large enough
to compensate the increase of RH;.. caused
by the further cooling. Consequently, the du-
ration and the degree of the post-ice RH;. in-
crease depend on the number of ice crystals
formed during the nucleation. A lower num-
ber of ice crystals appear for heterogeneously
formed ice clouds. Thus, the few ice crystals
consume the water vapour much slower and
therefore RH;.. raises until a plateau after ice
formation (see for example the yellow mineral
dust experiments). In colder ice clouds, this be-
haviour becomes more pronouced and appears
also for homogeneously forming ice clouds (see
red and black experiments for sulfuric acid and
soot, respectively). For the homogeneous sul-

Inside AIDA ice clouds

furic acid-water experiment (red) at the lowest
temperature(<200 K), it can be seen that after
the ice nucleation at the homogeneous thresh-
old RH;.. even shortly exceeds the homoge-
neous freezing line.

When cooling is stopped (the experiment
curves turn to the right to higher temperatures),
RH;.. immediately drops very quickly down to
saturation and below, while ice crystals still ex-
ist. The part of the cirrus cycle where the crys-
tals are evaporating is represented by the sub-
saturated part of the in-cloud observations.

4. CIRRUS FIELD OBSERVATIONS

4.1 Clear sky

Frequencies of occurence of RH;.. outside of
cirrus in dependence on temperature are plot-
ted in plotted in Figure 2 (top panel). From
our clear sky observations, representing about
16 hours of aircraft flight time, it can be seen
that RH;.. between nearly zero up to the ho-
mogeneous freezing thresholds are possible for
temperatures >200 K. For lower temperatures,
the highest frequencies of occurenc of RHi.
is enveloped by the dashed lines, represent-
ing RH,.. in dependence of temperature for a
constant value of 2 and 3 ppmyv, corresponding
to the range of water vapour mixing ratios ob-
served in the upper troposphere.

Although the AIDA experiments do not cover
the complete temperature range observed dur-
ing the field observations and more laboratory
studies would be desirable, the general pic-
ture of the AIDA cloud free supersaturations
matches that of the clear sky supersaturations
observed in the upper troposphere .

No supersaturations close to or above water
saturation are observed in our field measure-
ments. Thus, from our data set we could not
confirm the hypothesis of suppression of ice
cloud formation.

4.2 In-cloud

The frequencies of occurence of in-cloud RH;..
observed in the field (Figure 2, bottom panel)



show a pattern comparable to the AIDA mea-
surements. Above about 200 K, values of RHj..
between around 50% and the homogeneous
freezing thresholds are found, but most of the
RH;.. observations group around 100%. Less
frequent high supersaturations are probably ob-
served in young cirrus directly after ice forma-
tion, while subsaturations are from old cirrus in
the evaporation stage. This is a hint to short wa-
ter vapour relaxation times in this temperature
range, causing these parts of the clouds life cy-
cle to be short compared to the time the clouds
live around saturation.

At temperatures lower than about 200K, the
grouping of the RH;.. frequencies of occurence
around saturation broadens, pointing to longer
water vapour relaxation times as for the warmer
cirrus. There is no clear supersaturation cy-
cle during the cirrus lifetime in this temperature
range, as also seen from the AIDA experiments
shown in Figure 1 (left panel).

No supersaturations above water saturation
are observed in our field measurements, but,
in the low temperature range, we observed few
data points between the homogeneous freezing
threshold and water saturation. By comparison
with the AIDA observations, these measure-
ments could be interpreted as the very first part
of the cirrus life cycle, where RH, is between
the freezing threshold and the 'peak RH;.. .
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Figure 2: Frequencies of occurence of supersaturations vs. temperature, observed during 28
flights in Arctic, mid-latitude and tropical cirrus (data are sorted in 1K temperature bins; solid
line: homogeneous freezing threshold, dotted line: water saturation line). Top panel: Outside of
cirrus (16 h flight time); dashed lines: RH;. calculated for constant water vapor mixing ratios of 2
and 3 ppmv, rspectively. Bottom panel: Inside of cirrus (13 h flight time).



