Atmos. Chem. Phys., 9, 3508522 2009 iy —* -
www.atmos-chem-phys.net/9/3505/2009/ Atmospherlc
© Author(s) 2009. This work is distributed under Chemlstry

the Creative Commons Attribution 3.0 License.

and Physics

Ice supersaturations and cirrus cloud crystal numbers

M. Kr amer?, C. Schiller}, A. Afchinel, R. Bauer!, I. Gensch!, A. Mangold®”, S. Schlicht™, N. Spelter}, N. Sitnikov?,
S. Borrmann®, M. de Reus, and P. Spichtingef*

IForschungszentruniilich, Institut fur Chemie und Dynamik der Geosph 1: Stratosgire, 52425 dlich, Germany

2Central Aerological Observatory, Dolgoprudny, Region Moscow, Russia

3Institut fiir Physik der Atmospére, Johannes Gutenberg-Univeisitloh.-Joachim-Becher-Weg 21, 55099 Mainz, Germany
4ETH Ziirich, Institut fir Atmosptare und Klima, Universittstrasse 16, 8092ich, Switzerland

“now at: Royal Meteorological Institute of Belgium, Avenue Circulaire 3, 1180 Brussels, Belgium

" now at: MihlenbachstraRRe 5, 52134 Herzogenrath, Germany

Received: 20 October 2008 — Published in Atmos. Chem. Phys. Discuss.: 17 December 2008
Revised: 17 April 2009 — Accepted: 24 April 2009 — Published: 3 June 2009

Abstract. Upper tropospheric observations outside and in- Thus, our lack of understanding of the high supersatura-
side of cirrus clouds indicate water vapour mixing ratios tions, with implications for the microphysical and radiative

sometimes exceeding water saturation. Relative humiditieproperties of cirrus, the vertical redistribution of water and
over ice (Rhke) of up to and more than 200% have been climate, is traced back to the understanding of the freezing
reported from aircraft and balloon measurements in recenprocess at low temperatures.

years.

From these observations a lively discussion continues on
whether there is a lack of understanding of ice cloud micro- ]
physics or whether the water measurements are tainted with ntroduction
large uncertainties or flaws. ) o ]

Here, RHice in Clear air and in ice clouds is investigated. 1he refative humidity over iceRHice) controls the forma-
Strict quality-checked aircraft in situ observationsRiiee 10N Of cirrus clouds in the upper troposphere. Prior to ice
were performed during 28 flights in tropical, mid-latitude and formation, when an air parcel cools while risirfice in-
Arctic field experiments in the temperature range 183—240 K S1€ases up to the freezing t_hreshold necessary to nucleate ice
In our field measurements, no supersaturations above watdf the ambient aerosol particles. Alfred Wegener was proba-
saturation are found. Nevertheless, super- or subsaturatiorfdy the first to recognize that atmospheric air can be supersat-
inside of cirrus are frequently observed at low temperatured!rated with respect to ice without forming ice crystals. Dur-
(<205K) in our field data set. To explain persist&Hice ing hls second expeqmon to Green!and in 1911/1912 he rec-
deviating from saturation, we analysed the number densitie§9nized that the moist breath of his horses produced small
of ice crystals recorded during 20 flights. From the combinedC® Crystals Wall, 1942 growing in the ice supersaturated
analysis — using conventional microphysics — of supersatura@- Gierens et al(2000 and Spichtinger et al(2003 re-
tions and ice crystal numbers, we show that the high, persis¢@/led the work ofGlickauf(1949 andWeickmann(1949,
tent supersaturations observed inside of cirrus can possiblj'€ntioning that cirrus clouds do not form “as soon as ice sat-
be explained by unexpected, frequent very low ice crystal“rat'on is reached” and .that “|ce7forr'n|ng regions in t'he up-
numbers that could scarcely be caused by homogeneous id¥" troposphere are regions of high ice supersaturation” that
nucleation. Heterogeneous ice formation or the suppressiofiould occur frequently.

of freezing might better explain the observed ice crystal num- Today's state of knowledge is that the freezing thresh-
bers. olds depend on the compounds of the available ice-forming

aerosol particles. If these particles are pure liquid solutions
(of arbitrary composition), the — homogeneous — freezing

Correspondence tdvl. Kramer thresholds range for 140...180% fBr240...180K and are
BY (m.kraemer@fz-juelich.de) well described by the theory derived Bypop et al.(2000.
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In the presence of aerosol particles containing an insolueven above raise the question of whether these are caused
ble impurity (so called ice nuclei, IN, such as soot, mineral by instrument artifacts or wether “the basic principles un-
dust or biological particles), the — heterogeneous — freezinglerpinning the current understanding of ice cloud formation
thresholds are determined by the composition of the parti-and alter the assessment of water distribution in the upper
cles. Therefore, up to now no simple parametrisation schemé&oposphere are called into question”, Reter et al(2006
exists for the heterogeneous freezing thresholds. In mossummarized the situation.

cases they are lower than the homogeneous freezing thresh- Another crucial point in this context is the existence of
olds and can be significantly different. Thus, injection of persistently high supersaturations inside of cirrus clouds. It
aerosol particles with a lower freezing threshold would di- is believed that the in-cloud initially high supersaturation is
rectly impact the cirrus cloud cover and thus the radiationreduced to saturation very quickly — in the timescale of min-
balance of the atmospher@gttelman and Kinnisqr2007). utes —through the consumption of gas phase water by the nu-

Once the ice cloud has formed, the gas phase water antherous growing ice crystals formed by homogeneous freez-
thusRHce is depleted by the growing ice crystals as a func-ing, which is believed to be the major process forming ice
tion of their number and size. The ice cloud microphysicsin the upper tropospher¢ifyle et al, 2005. However,Ko-
interact with in-cloudRH;.. (see e.gGensch et al.2008 rolev and Mazin(2003 showed that one important parame-
Comstock and Ackermar2008 because it affects the wa- ter controlling the water vapour relaxation time aRidice is
ter vapour condensation rate and fall speed of the ice crystalthe product of the mean number and size of the ice crystals,
(Khvorostyanov et a).2008, which in turn influences the Nj.e-Rice. the so-called integral ice crystal radius, which is
vertical redistribution of water in the upper troposphere. inversely linked toRH;ce. Thus, in the case of |oW;ce-Rice,

Due to the recent insight that both the clear sky and in-RHic could also become persistent.
cloud RHce are important for the Earth’s climate, many air-  Here, we present an extensive data set of strongly quality
borne and remote sensing experiments as well as model stuéhecked in situ clear sky and in-cloud aircraft observations of
ies have recently been performed to investigate the distriburH;., andN;ce, Rice in the temperature range 183—240K. The
tions of RHce in the upper tropospherdélly et al, 1993  measurements were performed during 28 flights in the frame-
Heymsfield and Milosevitch1995 Heymsfield et al.1998  work of ten field campaigns in the Arctic, at mid-latitudes
Gierens et a).1999 2000 Jensen et 412001, 2005ab; Ovar-  and in the tropics. Based on the comprehensive field data set,
lez et al, 2002 Haag et al.2003 Spichtinger et a).2003  we examine the possible atmospheric range of supersatura-
2004 Gayet et al. 2004 2006 Comstock and Ackerman tions and relaxation times resulting from the observed cirrus
2004 Lee et al. 2004 Gao et al. 2004 Gettelman et al.  microphysical parameters for the complete ice cloud temper-
2006 Korolev and Isaac2006 MacKenzie et al.2006 Popp  ature range. We further derive frequencies of occurrence of
etal, 2007 H. Vomel, personal communication, 20081m-  RH; in 1K temperature bins and discuss the pattemRHgfe
ler et al, 2008. found in clear air and inside of cirrus as well as thosigf,

The major results of these studies are sorted into two temg,... Finally, we investigate the freezing mechanism consis-
perature ranges (<200 K and7=200-240K) and are listed  tent with the observed ice crystal numbers for warmer and
in Table1l. The warmer temperature range corresponds toacolder cirrus. We show that there is a strong indication that
cirrus at altitudes between about 6 and 15 km in Arctic, mid-cold ice clouds £205 K) contain a lower ice crystal number
latitude and tropical regions, while cirrus in the colder tem- than expected.
perature range is found in the tropics between about 15 and
20 km. Since most aircraft can reach only the lower altitudes,
the warmer cirrus clouds and their environment have beerp Aircraft measurements
more extensively investigated and thus a quite consistent pic-
ture already exists. Water vapour and ice crystal measurements from several in-

At higher temperatured(>200 K), supersaturations up to struments operated on three different research aircraft, i.e.
the homogeneous freezing threshold frequently occur undethe high-altitude Russian M55 Geophysika and the Ger-
clear sky conditions as well as inside of cirrus clouds. Oc-man research aircragnviscope_earjet and DLR Falcon, are
casionally higher supersaturations were observed. At loweanalysed in the present study. Only a brief description of
temperaturesT{<200 K), where thed,0 concentrations are  each instrument is given here as greater detail is available in
much lower so that the measurements become challenginthe referenced literature. The instruments and the parame-
for the water instruments, the observations become less freters derived from their measurements are listed in Table
quent. In many of the aircraft and balloon studiRBljce Up  the campaigns and flights are listed in TaBle
to or even more than water saturation were reported outside
and inside of the cold cirrus clouds. 2.1 Water vapour

As outlined earlier, we can understand supersaturations up
to the freezing thresholds in both clear air as well as insideDuring field experiments with the M55 Geophysika, wa-
cirrus. However, supersaturations up to water saturation oter vapour was determined simultaneously with FISH and
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Table 1. Observations of supersaturations in clear air and inside of cirrus clouds.

Temperature  Study High ice-supersaturation
(K) in clear air in cloud
T>200
Heymsfield and 220-240 aircraft in situ: frequent, up to hom. frequent and substantial
Milosevitch (1995) Wave90 freezing threshold
Heymsfield et al(1998 205-240 aircraft and balloon frequent occurrence,
in situ: FIRE-Il, SUCCESS up to hom. freezing threshold
occasionally above
Jensen et a(2001) 205-235 aircraft in situ: frequent occurrence,
SUCCESS, SONEX, up to hom. freezing threshold
POLINAT-2,CAMEX occasionally water saturation
Gierens et al(1999, >200 aircraftin situ: MOZAIC frequent occurrence,
Gierens et al(2000 and satellite: SAGE Il up te-140%
Ovarlez et al(2002), 210-240 aircraft in situ: up to near hom. up to hom. freezing
Haag et al(2003 INCA freezing threshold threshold, max150%
Gayet et al(2004 2006) max~140% occasionally above
Spichtinger et al(2003 >200 satellite: globally frequent
UARS MLS occurrence, up te140%
Spichtinger et al(2004 219-239 aircraft in situ: up t6-140%, mean
MOZAIC increases with decreasirng
Lee et al(2004 205-210 aircraft in situ: in-cloud persistent 160%
CRYSTAL-FACE
Comstock and >200 ground-based: occurrence, frequent occurrence, up to hom.
Ackerman (2004) Raman lidar up t0160%, freezing thresh., max160%,
increases with decreasig
Korolev and Isaa¢2006 >230 aircraftin situ: frequent occurrence, between
FIRE-ACE, Alliance ice and water saturation,
Icing Research Study increases with decrea%ing
Gettelman et al2009 >210 satellite: globally frequent
AIRS occurrence, max-250%,
Immler et al.(2008 200-240 ground-based: frequent occurrence
Raman lidar similar t®varlez et al(2002
T <200
Kelly et al. (1993 <195 aircraft in situ: up to hom. freezing threshold,
STEP occasionally above
Gao et al(2004 <205 aircraft in situ: up to 160%
CRYSTAL-FACE
Jensen et a{20053 198-204  aircraftin situ: up to 180%
CRYSTAL-FACE
Jensen et a{2005h 187 aircraftin situ: up to 230%
Pre-AVE
MacKenzie et al(2006 185-195 aircraftin situ: up to 140% up to 170%
APE-THESEO
Popp et al(2007) 185-190 aircraftin situ: persistent 230-250%
CR-AVE
H. Vomel, 185-235 in situ balloon frequent occurrence,
personal communication, up to hom. freezing threshold
2008 occasionally water saturation
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Table 2. Instruments and parameters used during aircraft experiments (FISH: Fast in situ Stratospheric Hygrometer; OJSTER: Open path
Julich Stratospheric Tdl ExpeRiment, FLASH: FLuorescent Airborne Stratospheric Hygrometer, FSSP: Forward Scattering Spectrometer
Probe; TDC: Thermo Dynamic Complex; all instruments except FSSP are operated at 1 Hz, FSSP at 2 Hz).

Quantity Description Instrument Remarks Uncertainty

H2Oenh  (ppmv) Gas phase4® + enhanced ice FISH * Lyman«-hygrometer 6%40.2 ppmv

H20gasorig (PPMV) Original gas phasej® FLASH*/OJSTER T Open path TDL 8%+0.3 ppmv

H2Ogasadj (PPMv) Adjusted gas phase;B FISH, FLASH/OJSTER see text 10-15%

HoOgas  (ppmv) Processed gas phasgH FISH, FLASH/OJSTER see text 10-15%

IWC  (ppmv) Ice water content FISH, FLASH/OJSTER ~ P20enH200as 10-15%

RHice (%) Relative humidity wrt ice FISH, FLASH/OJSTER 2B@gadH20satice 12-17%

RHiceenh (%)  Enhanced Ride FISH HpOenH20satice 9-14%

H2Osatice (Pa)  HO vapour saturation wrtice  Marti and Mauersberger (1993)(—4%935/ 7+12537 794

T (K) Temperature Avionik, TDC 0.5K

p (hPa) Pressure Avionik 1hPa

Nice (cm=3) Number of ice crystals FSSP Optical particle 10-100%
spectrometer

Rice (um)  Size of ice crystals FSSP, FISH [IWGHY 3/(47 - pice)]/3 10-100%

on board of DLR Falcon (12km) FISH, OJSTER, Avionik
enviscoped_earjet (14 km) FISH, OJSTER, FSSP, Avionik
M55 Geophysica (20km)  FISH, FLASH, FSSP, Avionik or TDC

FLASH, both closed cell Lyman-fluorescence hygrometers 2.1.1 HO data quality
sampling at 1 HzZ{oger et al.1999andSchiller et al, 2008
Sitnikov et al, 2007). FISH is equipped with a forward Figurelshows examples of a comparison between the water
facing inlet samplingH,Ocnp, i.€. gas phase +enhanced ice instruments during some representative flights (a list of all
water. Ice particles are over-sampled with an enhancemeritights is given in Table3). The upper panel shows a flight
ranging from 3 to 10 depending on the inlet geometry andWith good agreement, at water vapour values between 20 and
altitude and cruising speed of the aircraft. FLASH uses a200 ppmv during mid-latitude CIRRUS 2004. The dark blue
downward facing inlet that excludes ice particles and sam-Curve representsi;Oenp, green is the originaH;Ogas mea-
ples only gas phase watefOgas In experiments with the  surement;0gasorig and blackH;Ogatice-  The cyan line is
Germanenviscope_earjet or DLR Falcon, FISH is used for H20gasadj Which is determined by adjusting ti&Ogasorig
the HyOgnhn measurements, whilé,Ogaswas measured with - measurement té1;0gnn in clear air. We chose as the ref-
the open path TDL OJSTER (MayComm Instrumeisy erence thei,0.nn Observations because FISH is the only in-
and Webster1993. The relative humidity with respect to Strument that was calibrated in the laboratory before and after
ice, RHice, is calculated fronH,Ogasand the measurement of each field campaign and in the field before every flight. For
the ambient temperature, as listed in TableThe term “su-  the flight shown here the cyan and green data points nearly
persaturation” refers to relative humidities with respect to icematch each other and this data set is classified as a “good
that exceed 100%. flight”. In such casesi;Ogasorig iS used as the finad>0gas

When in a cirrus CIOUdHZOenh greaﬂy exceedﬁzogas The middle panel shows data from af“ght during SCOUT-
due to the additional water from the evaporated ice particle?3 2005 at water vapour values lower than about 5ppmv.
which are in addition sampled with an enhanced efficiencyThe adjusted data points (cyan) are somewhat higher than
(see above). Thel,Oey, measurements with FISH are im- the measured (orange), but the differences are nearly con-
portant for two reasons: (i) we compare FISH to the otherstant and the course of the two measurements correspond to
H,Ogasinstrument in regions outside of clouds to evaluate the€ach other. Thus, this flight is classified as “acceptable” and
agreement between the two water measurements and (i) wd2Ogasad; is Used as$i,0gasfor further analysis.
use the difference betweefyOenn andH,Ogas to determine
whether a data point is inside or outside of a cirrus cloud.

Atmos. Chem. Phys., 9, 3508522 2009 www.atmos-chem-phys.net/9/3505/2009/
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Table 3. List of 43 flights from 10 field campaigns using three aircraft (M55 Geophysikaiscopd_earjet; DLR Falcon). For 37 flights

both H,Ognn (FISH) and B Ogas(FLASH [Geophysika] or OJSTER [Learjet/Falcon]) were available; 1/0 denotes the agreement gfthe H
measurements as described in Sect. 2 (1: agreed or adjusted, 0: no agreement, data are rejected from the database), and 20 flights with i
crystal measurements (FSSP) were performed. POLSTAR: Polar Stratospheric Aerosol Experiment, EUPLEX: European Polar Stratospheric
Cloud and Lee Wave Experiment, ENVISAT: Envisat validation experiment , CIRRUS: Cirrus characterization experiment, APE-THESEO:
Third European Stratospheric Experiment on Ozone, TROCCINOX: Tropical Convection, Cirrus and Nitrogen Oxides Experiment, SCOUT-
Og3: StratosphericClimate Links with Emphasis on the Upper Troposphere and Lower Stratosphere. The following flights are influenced by
convective events: TROCCINOX: 0204-1, SCOUE:Q123-1, 1129-1, 1130-1 (Geophysika), 1129-1 (Falcon).

Campaign Aircraft Date FISH + FSSP Location
FLASH/OJSTER
ARCTIC
POLSTAR 1998 Learjet 0126-1 1 Kiruna, Sweden 968
EUPLEX 2003 Geophysika 0115-1 1 Kiruna, Sweden °(83
Geophysika 0126-1 1
Geophysika 0208-1 0
Geophysika 0209-1 1
Geophysika 0211-1 1
ENVISAT 2003 Geophysika  0302-1 1 1 Kiruna, Sweden °(83
Geophysika 0316-1 1 1
Mid-Latitude
CIRRUS 2003 Learjet 1212-1 1 Hohn, Germany 9549
Learjet 1213-1 1
CIRRUS 2004 Learjet 1124-1 1 1 Hohn, Germany °(B&
Learjet 1127-1 1 1
CIRRUS 2006 Learjet 1124-1 0 1 Hohn, Germany °(B&
Learjet 1127-1 0
Learjet 1128-1 1
Learjet 1128-2 1
Learjet 1129-1 1 1
ENVISAT 2002 Geophysika  1008-1 1 Forli, Italy (an)
Geophysika 1014-1 0
Geophysika 1017-1 0
Tropics
APE-THESEO 1999 Geophysika 0219-1 1 Indian Ocean ° Sb
Geophysika 0309-1 0
SCOUT-G; 2005 Geophysika 1107-1 1 Darwin, Australia {12
Geophysika 1109-1 1
Geophysika 1111-1 1
Geophysika 1112-1 1
Geophysika 1119-1 1 1
Geophysika 1123-1 1
Geophysika 1125-1 1
Geophysika 1129-1 0 1
Geophysika 1130-1 1 1
Geophysika 1130-2 1 1
Falcon 1128-1 1
Falcon 1129-1 1
Falcon 1130-2 1

TROCCINOX 2005  Geophysika 0127-1 1 Aracatuba, Brazil° @}

Geophysika 0201-1 1

Geophysika 0204-1 0 1
Geophysika 0205-1 1
Geophysika 0208-1 0 1
Geophysika 0217-1 1
Geophysika 0218-1 1 1
Geophysika 0224-1 1 1

www.atmos-chem-phys.net/9/3505/2009/ Atmos. Chem. Phys., 9, 3503-2009
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Fig. 1. Examples for HO data quality (upper panel: good flight
[FISH 1; middle panel: acceptable fligtrisH 1; bottom
panel: poor flightFISHFLASH]).

The lowest panel shows a flight also at low water vapour
during TROCCINOX 2005. This is an example of a flight
classified as “poor” and rejected from the database as ar
sult of the large scatter between the adjusted and measurée

values. This means that the characteristics of the two in-
struments do not match, which is a criterion for discarding.

aflight.

This data quality check procedure was applied to 37 flights.

(listed in Table3) where bothH,Oenn and HyOgasorig Mea-

surements are available. Nine flights (5 at high and 4 at

low water vapour mixing ratios) were eliminated so that the
database for further analysis RHj. contains 28 flights (see
Sect.3.1).

Atmos. Chem. Phys., 9, 3508522 2009
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Cirrus 2006, 29 November
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Fig. 2. RHice (OJSTER) and Rde enh (FISH) in the course of
the flight Cirrus 2006, 29 November, colour-coded for “cirrus-
parameter” Rl¢e ent{RHice to define infout cirrus (inside cirrus:

i Jiuncertain outside cirrukx

2.1.2 Cloud detection

After the data quality check had been applied, the water
vapour measurements were evaluated to determine whether
the aircraft was in or out of a cloud. For this purpose,
ice crystal measurements from the optical particle probes
were often used; however, given that these instruments were
not always available, a complementary technique was ap-
plied that incorporated only the measurements from the water
vapour instruments. From the processg®gaswe calculate
RHice and fromH;O0gpn We determineRHice enn  The latter
represents gas phase water plus the over-sampled ice crys-
tals expressed as relative humidity (see Ta)leThe ratio
RHice eniRHice IS Used as the “cirrus parameter” from which
two regimes of cirrus are defined:

Cirrus regime (a) where RHjceen/RHice>1 and
RHice en>100%.  This regime represents a supersatu-
rated cirrus. In Fig2, a part of the “good flight” of Figl
(Cirrus 2006, 29 November) is shown. In Fifit is seen
that both measurementdpOgnn and HyOgas Show a scatter
that makes it difficult to explicitly state whether a data point
is inside cirrus, especially whé®Hce en/RHice ONly slightly
exceeds 1. Therefore, we discriminate three cirrus classes,

"differing in the uncertainty of the data points inside the

cirrus. In Fig.2, RHjce is colour coded for the three classes:

3 if RHice eni/RHice>1.3 (cyan), a data point is confidently

inside cirrus, 2) ifRHice enRHice = 1.07-1.3 (yellow) it is

less confident and 3) wheRXHice en/RHice = 1.0-1.07 (red)

it is uncertain whether those measurements were inside the

cloud. RHice enn s plotted in blue andkHce outside of cirrus

in green. As already discussed Bghiller et al.(2008 the

data points of the third clasRlice enfRHice = 1.0-1.07)

are not inside of cirrus in most cases, whereas most of the

measurements in the second class are inside of cirrus.
Cirrus regime (b) wherebyRHice en/RHice>1 and

RHice enh<100%.  This situation may be caused by a

www.atmos-chem-phys.net/9/3505/2009/
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subsaturated cirrus, but might also be the result of the scattequhar et al. 2007 Jensen et gl.2009. This is valid for
of the water vapour. Here, we define this as cirrus only whenclouds where the ice crystal population contains a signifi-
RHice ent/RHice>1.3. cant number of particles larger than approximately.50

All data points not matching the criterions (a) or (b) are (D. Baumgardner, personal communication, 2007) and espe-
defined as outside of cirrus. However, most of the observedially when a flow-straightening shroud is present in front of
data points used in this analysis are “confident” and, more+the inlet Qavis et al, 2009. Here, the FSSP does not use a
over, the “less confident” and “uncertain” data points do notshroud and the largest fraction of our measurementggf

influence the general picture of supersaturations. lie between 3-3@m at temperatures200 K and mostly up
to around 5Q:m at higher temperatures, whilg. ranges
2.1.3 Measurement uncertainties from 0.005 to 60 cm?® (see Sect3.4).

In agreement witlde Reus et al2008 andLawson et al.
The uncertainties are estimated by Gaussian error propagg2008, we do not expect a significant effect of shattering at
tion and are listed in TablI2. low temperaturesiawson et al(2008 used a CPI (cloud
The root mean square uncertaintyRiic. is in the range  particle imager), a 2D-S (2-dimensional stereo probe) and a
12-17%. However, as discussed above, although state-ofAPS (cloud and aerosol particle spectrometer) for ice crys-
the-art, high precision water instruments are used here, theal detection up to about 8¢fm radius during 2.4 h of ob-
differentH,0 measurements are not always in agreement, esservation time below 200 Klensen et a(2009 stated that
pecially for aircraft observations, and we adjt0gasorig the 2D-S is less susceptible to shattering artifacts,Lave
measurements tei,0enp from FISH. The differences in  son et al (2008 reported that from the images of 2D-S and
RHice before the adjustment can be much higher than the es€PI there was no visual evidence of shattered particles and
timated uncertainties, particularly at low temperatures. that the size distributions of all three instruments were con-
We would like to emphasize here the need for further im- sistent.
provement of water vapour instrumentation, e.g. higher pre- We cannot, however, completely exclude ice crystal shat-
cision, sensitivity and time resolution, especially for aircraft tering in the warmer ice clouds where the occurrence of
measurements at low temperatures. Otherwise, a number ¢rger ice crystals increases. This is discussed in greater de-
scientific questions related to water vapour in the atmospheregail in Sect.3.5.3
will remain unanswered.

2.2 Ice crystals 3 Results and discussion

For our data analysis, we also use measurements of tot&.1 Cirrus field observations
ice crystals number concentrations made with instruments
mounted on the M55 Geophysika and #resiscope_earjet  Altogether, 20.8h (about 14 150km) and 15.4h (about
using either an FSSP 100 or 3@®(Reus et al2008and ref-  10470km) of flight time was spent in clear sky and inside
erences herein; sampling rate is 2 Hz). The flights are listedf cirrus, respectively. Inside of cirrus, a wide range of con-
in Table3. ditions at different latitudes (20south to 75 north), alti-
FSSP 100/300 sample particles in the size range 1.5tudes (6—20km) and temperatures (183—-240K) is spanned.
15/0.3—-2Qum radius, and ice crystals larger than this size The observations include frontal and lee wave cirrus in the
range were not recorded. For a number of flights dur-Arctic and at mid-latitudes, while in the tropics ice crystals
ing the SCOUT-Q field campaign a cloud imaging probe stemming from convection and convective outflow as well as
(CIP) was also operated on the Geophysika aircraft tosubvisible cirrus layers are probed equally. It should be noted
complement FSSP with measurements in the range fronhere that we assume that the cirrus observations are not bi-
12.5<Rice<775um (de Reus et al.2008. From these ased by the flight pattern. In most of the flights, the aircraft
flights we determined at least 80%, but typically more thanprobed the cirrus clouds from top to bottom.
90%, of the total number concentration within the FSSP size The original field measurements &Hi.. derived from
range in cirrus at temperatures less than 240 K. Thus, the eH;0yas0rig in- and outside of cirrus for all 37 flights with
ror in Njce is small, but the error in the mean ice crystal size completeH,0 measurements (listed in Tab® are plotted
Rice detected by FSSP could be significant. Therefore, weversus temperature in the top panels of Fg. The data
estimateRce from the IWC detected by FISH (FISH sam- are sorted for in- and outside of cirrus and tHg0 qual-
ples all ice crystals larger tharydn radius Kramer and Af- ity check procedure is applied to all flights as described
ching 2004 together withNjce from FSSP by assuming that in Sect.2.1. The processed data are presented in the bot-
all crystals are spheres of the same size (see Bble tom panels of Fig3. Comparison of the processed with
Shattering of ice crystals on the inlet FSSP can lead tathe originalRHice shows that for temperatures above about
an overestimate of the ice crystal concentration and IWC200K all supersaturations above the homogeneous freez-
(Gardiner and Hallett1985 Field et al, 2006gb; McFar- ing threshold disappear for both in- and outside of cirrus
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Fig. 3. Field observations of Rigk vs. temperature in- and outside of cirrus. Top panels: origingb&H2O0gasorig) measurements of all

flights with HyOgnpand HOgasorig measurements; data points represent 15.4/20.8 h in/out-side of cirrus during 37 flights (1 h cruising time
represents about 680 km); blueish data points represent Arctic, greenish mid-latitude and reddish tropical field campaigns. Bottom panels:
processed Ride(H20ga9 data; data points represent 9.7/15.9 h in-/outside of cirrus during 28 flights. The black dotted line represents
water saturation (water saturation over iddarti and Mauersbergefl993 over water: Tabazadeh et al1997), the black solid line the
homogeneous freezing threshold for liquid solution droplets withuSadius Koop et al, 2000.

observations. Below 200K, a few supersaturations slightlyet al, 2004 shows that the temperature range of the cirrus
above the homogeneous freezing threshold are found, whicbbservations during CRYSTAL FACE{195-215K) com-
will be discussed in Sect8.2and 3.3 plements the range of INCA(215-240 K).

Comparison of our process&Hc, data set with former
field measurements during INCA 2000 (10 fligh®varlez
et al, 2002 and CRYSTAL FACE 2002 (10 flightsGao
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Fig. 4. Same as FigB (bottom right panel), but as frequencies of occurrence (data are sorted in 1K temperature bins; solid line: homogeneous
freezing threshold, dotted line: water saturation line).

In the overall temperature range the general picture from3.2 Clear sky RHce
all measurements is thRH;c is distributed between subsat-

urated and supersaturated values close to the homogeneousder clear sky conditions, supersaturations up to the freez-
freezing threshold. ing thresholds of the available aerosol particles may occur in
Closer comparison of our clear sRHic. field observa-  the upper troposphere (see Introduction). From our clear sky
tions with those from the INCA campaign indicates that the gpservations in the vicinity of cirrus clouds (Fig. bottom
INCA RHice Observations are slightly below our measure- right panel and, as frequencies of occurrence, in Higeep-
ment range (Fig. 2 iDvarlez et al.2009. We explain this  resenting 15.9 h of aircraft flight time, it can be seen that for
feature by a higher time resolution of the in/outside of C|0Udtemperature§200 K RHice is randomly distributed between
criterion, which is 1s here and 7s for INCA. That means nearly zero up to the homogeneous freezing thresholds. This
the INCA data points are more distant from the cirrus andfinding is in agreement witvarlez et al(2002), deriving
thus, assuming that the highe®itice are reached immedi- 3 frequency distribution for mid-latitude cirrus clouds cov-

ately before the point of cirrus formation, lower supersatura-ering the temperature range 215-235 K from the INCA field
tion seems to be the result. experiment.

Gt_ao etfaI.(Z(éOI;LYtg_?XLFEAé)Eave(;aged m-ccljoud supersat- f For lower temperatures, the upper limit BHice is in
;rl%:;)r;zrzgmperatures above a?gun%r(;%?; riiri]ngvtzr:?c?uﬁ (general also the homogeneous freezing line, but a few data
’ . DOi f lightl [ . Thel
130% for lower temperatures. The enhanced supersaturati oints are found slightly above it (see Seze) e lower

. . S Hice limit is enclosed by the dashed line in F@(bottom
at low 'temperatures is explained by d'”ﬁ“”'s“wt uptake rigﬁfpanel) representing a const&ho value of 1.5 ppmv,
of the ice crystals caused BNO; deposits on the ice sur- the minimum water vapour mixing ratio observed in the up-

face. From our measurements, showing a higher data densit

) Efer tropical troposphere. The highest frequencies of occur-
and extending the temperature range of CRYSTAL I:’A‘C?Erence ofRHice are enclosed by the dashed lines in Fg.

r|‘1epresenting constant water vapour mixing ratios of 1.5 and
3 ppmv, which correspond to typical values near the tropical
tropopause.

in the two temperature ranges.
Further discussion of the structure of tRéli. clear sky

and in-cloud observations is provided in Se8t&(Clear sky . ,
RHice), 3.3 (RHice inside of cirrus). No supersaturations close to or above water saturation are

observed in our field measurements. Thus, from our data
set we could not confirm the hypothesis of severe suppres-
sion of ice cloud formation as given Bgnsen et a(2005h),
showing clear skyRH;.e up to 230% at tropical tropopause
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temperatures as low as 187 K. Nevertheless, below 200 Knents at the aerosol chamber AIDA for soot particles coated
a few cases of supersaturations slightly above the homogewith sulphuric acid 6hler et al, 20053, soot containing
neous freezing threshold are observed, raising the questioarganic carbonNidhler et al, 20050 and mineral dust par-
of whether at these low temperatures the freezing of liquidticles (Mohler et al, 2009: after ice crystal formation and
aerosol particles may occur at higher supersaturations as deontinuous coolingRHice Still rises up to the peaRHice.
scribed by Koop’s theory. This further increase iRHice results since the ice crystals
Murphy et al. (2007 reported that around 50% of the are so small or so few at the beginning that the water deple-
aerosol particles in the cold uppermost troposphere contaition of the gas phase is not large enough to compensate the
organic material. Ice nucleation experiments at the AIDA increase oRHce caused by the further cooling. The duration
chamber with soot and mineral dust particles containing or-and the degree of the post-ice nucleatittgj. increase in-
ganic material show that the heterogeneous freezing procesgersely depends on the number of ice crystals, because fewer
of these particles is hindereMphler et al, 2005h 2008. In ice crystals consume the water vapour more slowly and there-
a model studyiKarcher and Koog2005 show that homoge- foreRHce canrise higher. In colder ice clouds, this behaviour
neous freezing of solution droplets is hindered in the pres-becomes more pronounced.
ence of organics. Laboratory experiments for homogeneous
freezing Beaver et a.2006 of sulphuric acid aerosols con- 3.4  Cirrus in dynamical equilibrium
taining differing organic substances show both increasin
and decreasing ice nucleation temperatures in dependence
the organic compound. Recent studiesviyrray (2008 and

QJH further explain the pattern dtHic inside of cirrus we
elaborate simple, observation-based theoretical considera-

Zobrist et al.(2008 investigate the suppression of homoge- tions of supersaturations in the dynamical equilibrium of cir-
neous ice crystallization at low temperatures in highly vis- "YS: _ o _ o

cous aqueous organic acid droplets or glass-forming aerosol Dynamical equilibrium (“quasi steady state”) in ice clouds
particles. Considering these studies together with our clealS described biorolev and Mazin(2003 as the state where

sky field observations yields a consistent picture. A furtherch@nges in the mean size of the ice particieg ¢an be ne-

discussion of the freezing suppression is given in SE8t. glected and the ice particle number{fnd vertical velocity
(uz) are nearly constant. changes in supersaturation are then
3.3 In-cloud RHice zero R0 pecause the gas phase depletion of water by

transport to the ice crystals compensates the decrease of the

Immediately after ice formation, but already inside of an ice Saturation water vapour pressure caused by the codfiag.
cloud, supersaturation is close to the freezing threshold. Ifolev and Mazin(2003 describe the dynamical equilibrium
the further cirrus lifetimeRHice Will, depending on the ice  supersaturation Rigi as
clouds’ microphysical and thermodynamical development, .
. L . . u; a b
adjust to equilibrium in accordance with the water exchangeRHqsi =< Z2_4 (1)
with the ice crystals. NiRi b b
The RHice field data inside of cirrus are shown in F§. 5 br are parameters depending on temperature, pressure,
(bottom left panel). Values oRHj. are found between etc., and NR is the integral ice particle radius.
arounq 5.0% and the homogenepus thresh_olds. The lower 115 time the initial in-cloud supersaturation, which is
RHice limit seems to decrease with decreasing temperatgreclose to the freezing threshold, needs to reach dynamical
except for two strokes at around 220 and 230K dr,c’pp'n,gequilibrium is the relaxation time:
down to near zero. These observations stem from flights in
tropical thick cirrus at around 14/11 km (SCOUE-Q005, 1
Darwin): Both obser_vations were at the very close edger - a - Uz + (b + b)Y (NiRY)
of the cirrus, maybe in the transition zone between the in-
/outside of cirrus. The decrease with temperature of the low-The main parameters influencing gddandr are NRi, Uz,
estRHice may be explained by longer evaporation times at7T (and p, but in the upper tropospheric pressure range this
lower temperatures, causing the ice crystals to survive longeinfluence is negligible).
during the evaporation stage of the cloud. From our data set of cirrus ice crystal number densities
Below 200K, no supersaturations close to or above wa-Nje and sizeRice observed during 20 flights (Fi¢; mea-
ter saturation are observed in our field measurements, buturement techniques are described in S&2@), we can de-
a few RH,ce data above the homogeneous freezing line arerive atmospheric values ofiR;. Firstly, NR; are identified
found as in the clear sky data set. They may either porby encompassing the observed ranges by lines for the min-
tray the higher freezing thresholds discussed in Se2t.or imum (Nice: Yellow, Rice: green), the middle (both red) and
represent the so-called “pe&kKice” in very young, thin cir-  the maximum Klice: greenRice: yellow). Secondly, because
rus. This pealRHi.e is described byarcher and Lohmann the number of ice crystals is roughly inversely linked to their
(2002 and is seen in heterogeneous ice nucleation experisize, theNjce andRjce lines of the same colour are multiplied:

&)
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Temperature (K) laxation timest (middle) and integral ice crystal sizeR| (top)

vs. temperature for minimum (yellow), middle (red) and maximum
Fig. 5. Ice crystal number e (bottom) and size Re(top) vs. tem-  (green) NR; and high (dashed)/low (dashed-dotted) vertical veloc-

perature. Dots: observations from 20 flights (8.5 h inside of cirrus, ity Uz, respectively (NRj = Nice-Rice, calculated from the lines in

for colour coding see Figd), lines: minimum, middle and maxi- Fi9. 5 with p=pmear(T) taken fromSchiller et al.(2008, elec-
mum Nce and Ree. tronic supplement; the black dotted line represents water saturation,

the black solid line the homogeneous freezing threshold Kfiep

et al.(2000; note that the calculations are not for evaporating cir-
— NiRi min = Nice,min- Rice. max rus, where g is negative and Rjge is below saturation); for more
information see text.

— NiRi middle = Nce middie’ Rice middie,
~ NiRi max = Neemax Ricemin- the frequently occurring homogeneous ice formation process
Knowing the minimum, middle and maximum ofiR| as  the ice crystal number increases with increasing updraft, i.e.

a function of temperature, we calculated the correspondthick clouds are formed at high, @nd thin cirrus at low I

ing RHysi and « for two vertical velocities u respectively — (See also SecB.5). Hence, y of 300 and 3cm/s (dashed
(Fig. 6). A higher and a low g are chosen for the differ- and dashed-dotted green lines) are chosen for the maximum

ent NR; (thick, medium and thin cirrus) to represent, on the NiRi, 30/1cm/s for middle NR; (red lines) and 3/0.1cm/s
one hand, a young cirrus directly after formation and, on thefor the minimum NR; (yellow lines).

other hand, an older cirrus at the end of its lifetime. We used In young cirrus with higher 4 the dynamical equilibrium
different y, for each of the three cloud types, because for RHgsjtends to supersaturation over the complete temperature
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Fig. 7. Frequencies of occurrence of relative humidities over icg.R¥5. temperature (same data set as in Bjdottom left, solid line:
homogeneous freezing threshold, dotted line: water saturation line; data are sorted in 1 K temperature bins).

range for thick, medium and thin cirrus (dashed green, redRHgsj towards higher Rikj (not shown here), while reduced
and yellow lines in Fig6, left; note that natural cirrus cannot cooling forces Rligsi towards saturation. However, a dynam-
reach dynamical equilibrium when the time scale of changescal equilibrium RHsj of around 100% is only reached when
in u; are shorter tham, which is the case very often). How- u, slows down to very low values in older thick, medium and
ever, supersaturation strongly increases with decreasing tenthin ice clouds (Fig6, bottom, dashed-dotted lines). The
peratures. This increase is caused mainly by the decrease time scales are nearly identical at higher temperatures and
NiR;j with decreasing temperature, combined with the effectare a little longer at lower temperatures.

that the water vapour transport slows down with decreasing When comparing the calculated range of gHvith the
temperature. Together, the gas phase depletion of water byupersaturations observed inside of cirrus (Bjdpottom left
transport to the ice crystals cannot completely compensat@anel) it must be taken into account that before reaching dy-
the fast decrease of the saturation water vapour pressure. namical equilibrium the supersaturations in cirrus are higher,

Enhanced time is needed to transport the water vapour i{;)ecause they start at the freezing threshold at the formation

fewer ice crystals are present. Thus, the relaxation timeé)f ks CIOUd'. Then, the comparison shows that for_the range
before reaching dynamical equilibrium differ greatly with of NiR; considered here the observed supersaturations can be
the ice crystal number: for thick ice clouds (green dashea@(pl"’“ned by conventional microphysics.

line in Fig. 6, top), dynamical equilibrium is reached very
quickly in the time scale of 0.3-2 s with decreasing temper-
ature, for medium clouds the relaxation time rises to 4 s—
20 min and thin ice clouds needs 1-3 h to relax to equilib-
rium. That means supersaturation can live longer the thinne
theice cloud is. This is also seen from observationStoym
and Karcher(2003 during the INCA experiment (tempera-
ture range 215-235K, their Fig. 4), showing that the fraction
of in-cloud data points between 80 and 14R%.. increases
significantly with decreasing number of ice crystals.

3.5 Frequencies of supersaturations and
ice crystal numbers

As for the clear sky data set, frequencies of occurrence of
[n-cloud RHice binned in 1K temperature intervals are de-
rived from the field observations shown in F&bottom left
panel) and plotted in FigZ. In Fig. 8, the frequency dis-
tributions of RHjce are binned into two temperature ranges,
namely above and below 205K.

At temperatures above about 205 K, most of Rt ob-

For low temperatures with high equilibrium supersatura- servations group around 100%. This finding is in agree-
tions and relaxation times, it follows that for the complete ment with the observations during the mid-latitude exper-
atmospheric range of ice crystal concentrations saturation inkment INCA (Ovarlez et al. 2002 their Fig. 4 andGayet
side of ice clouds can hardly be reached as long as the cloudt al, 2004 their Fig. 5). Higher supersaturations are less fre-
is further cooled. Intensifying the cooling rate would force quent and probably observed in young cirrus directly after ice
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formation, while subsaturations are aged cirrus in the evapo- 40
ration stage. The narrowness of the distribution is consistent

with short water vapour relaxation times in this temperature T>205K
range, causing these parts of the cloud life cycle to be short
compared to the time the clouds live around saturation.

At temperatures lower than about 205K, the grouping of
theRH;ce frequencies of occurrence around saturation broad-
ens. A small part of this broadening {0%) can be caused
by the precision of the water vapour measurement, which
becomes more apparent at the low mixing ratios in this tem-
perature range. However, this effect is significantly smaller
than the braodening of the distribution of relative humidity at 0 50 100 150 250 250
T <205 K compared to the distribution @t>205K. We at- RH,, (%)
tribute this difference to longer water vapour relaxation times
in cold cirrus. There is no clear supersaturation cycle during
the cirrus lifetime in this temperature range.

To further investigate thRH; frequency distribution, fre-
quencies of occurrence ¢ (from Fig.5) are derived sim-
ilarly to the RHjce frequencies and are shown in FR(top
panel). The minimum/middle/maximuN from Fig.5 are
overlaid as thin solid lines.

The number of ice crystals that would form homoge-
neously for different constant vertical velocities (1, 10,
100, 1000 cm/s) are shown as thick solid lines. They are cal-
culated using a simple box model together with the ice mi- 0.1 . " "
crophysics as described Bpichtinger and Gieren009. 0 50 O o 200 250
Here, we assume only homogeneous nucleation with nucle-
ation rates parameterized accordingktoop et al.(2000 Fig. 8. Frequency distribution of Rk inside of cirrus for two
and a background concentration of sulphuric acid aerosol ofemperature ranges (top: linear, bottom: logarithmic ordinate; red:
N, =300 cnT3, which is typical of upper tropospheric con- 7=205K, 5.6 h airborne in situ observations, bl@ez 205 K, 4.1 h;
ditions (see e.g.Minikin et al.,, 2003. The calculated ice same dataset as Fig.bottom; data are sorted in 10% RElbins.
crystal number concentrations can be interpreted as an upper
limit for the amount of ice crystals formed in updrafts of this
magnitude under atmospheric conditions. Indeed, highNice observations (0.5-10cmi) are most

The most obvious feature of Fi@ (top panel) is that frequent at 225-240K (Fig9, top panel). If homoge-
the simulated ice crystal numbers formed by homogeneougeous freezing is assumed to be the pathway of cloud for-
freezing increase with decreasing temperature for @each mation, this corresponds tg between 10 and 100 cm/s or
while the most frequently observeNi.. decreases, confirm- higher, as can be seen from the thick solid lines in Big.
ing and extending the observations@éyet et al(2006 in  (top panel). This is in good agreement with the studies by
the temperature range 210-260K during the INCA experi-Gayet et al(2009 as well aKarcher and Stm (2003, the
ment. latter reporting 1-10 cr? ice crystals and an updraft speed

In the following, we individually discuss the correlations 0f 10-100cm/s in young cirrus observed in the temperature
between the numbers of ice crystals, supersaturations, vertrange 215-235K during the INCA experiment. For such
cal velocitieau; and relaxation times for the two supersatu- ~ conditions, the relaxation times are in the range of min-
ration regimes separated-a05 K, where each temperature utes. They; andt ranges are estimated from the data set of
regime represents around 5h of observations. The possibl®liceRice aNdRHce Using Egs1 and2 (see also Fig6).
effect of shattering of large ice crystals on our findings will At about 205-225K, middleNice (0.05-1cn73) obser-
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also be discussed. vations are most frequent, corresponding up around
5-10cm/s. Herer is a little longer and ranges up to several
3.5.1 Warm cirrus (>205K) ten minutes, but is still short enough to efficiently reduce the

initial in-cloud supersaturations.
The observed grouping &Hice around 100% (Fig7) indi-
cates short water vapour relaxation times, which occurs in
the case of high ice crystal numbe\ige (Sect.3.4).
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Fig. 9. Frequencies of occurrence of ice crystal numbegg Kop panel) and sizes;R (bottom panel) vs. temperature (same dataset
as Fig.5; thin solid lines: minimum, middle and maximumdy and Rgg; thick solid lines in top panel: ice crystal numbers arising for
homogeneous freezing at different updraft velocities a¢teap et al.(2000 for an aerosol particle number of 300 crhand mean pressure;
data are sorted in 1 K temperature bins).

3.5.2 Cold cirrus (<205 K) i.e. theNjc pattern is not biased by differing sampling time;
note also that FSSP samples around 90% or more of the ice
As mentioned above, in the cold temperature regime no cleagrystals, see Sec2.2, i.e. the low ice particle numbers are
supersaturation pattern can be seen in Figmplying that  not caused by missing ice crystals larger than the FSSP up-
the water vapour relaxation times are longer here. Such longer detection limit).
relaxation times can be caused by the slower water vapour
diffusion in this temperature range, or, more importantly, The very lowNjce would correspond ta, around or lower
low ice crystal numbers and/or high vertical velocities (seethan 1cm/s — if they are formed by homogeneous freezing
Sect.3.4). — and relaxation times from hours to a day. Tha; range
Very low Nice observations (0.005-0.2crf) are most is visible in Fig.9, top panel: the most frequent ice crystal
frequent at temperatures below 205K (Ffj.top panel). numbers group around and below thg; line foru; =1 cm/s.
Higher ice crystal numbers are found only occasionally in As a consequence, the time the water vapour needs to mi-
the upper part of convective systems (note here that the timgrate to the few ice crystals after ice formation is so long
of observation in subvisible and convective cirrus is the samethat the high initial supersaturations, which correspond to the
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freezing thresholds, can be maintained over a longer periodocities inducing homogeneous freezing are not higher than
Likewise, evaporation of ice crystals in a subsaturated enabout 20 cm/s, or that heterogeneous freezing is a major pro-
vironment occurs on a longer time scale. These consideragess in this temperature range. Neither of these assumptions
tions corroborate the fact that the observations of persistenare in agreement with current knowledge on cirrus produc-
high in-cloud supersaturations in cold cirrus can be explainedion processes. In addition, the cloud relaxation times would
by conventional ice microphysics, with unexpectedly low ice then extend to approx. 5 to 60 min (Fig), causing a longer
crystal numbers. lifetime at high supersaturation. We question whether this

Our observations are consistent with others, for exam-scenario is consistent with the narr®mice frequency distri-
ple Lawson et al.(2008 report anNjce range of 0.002— bution shown in Fig8.
0.19cn13 at 188 to 198K from 2.4h of observation time At T<205K our observations are consistent with those
in subvisible cirrus during the CR-AVE field campaign. reported byLawson et al(2008 (see Sect3.5.2), and, as
Lawson et al(2008 attributed the simultaneous observa- discussed in Sec2.2, we do not expect an effect of ice crys-
tions of highRHce to the colder temperatures and aerosol tal shattering at low temperatures. Considering nevertheless
chemistry in the upper TTL compared to mid-latitude cirrus. that shattered large ice crystals enhaNgg at low temper-

Two model case studies simulating cirrus observationsatures in our data set and the real ice crystal concentrations
during CRYSTAL-FACE Khvorostyanov et a).2006, and  are smaller, implies —as for the higher temperatures — that the
CR-AVE (Gensch et al.2008 also show few ice crystals relaxation times are longer and the steady-state supersatura-
and state that high supersaturations at low temperature mayons becomes higher and exist over a longer period. Thus,
be explained by assuming of heterogeneous freezing. Imur conclusion that the frequent observation of high super-
addition, Jensen et al(2008 report in another CR-AVE  saturations at low temperatures can be explained by conven-
model case study that the observation of few large crystalgional microphysics receives even stronger support.
would not have been possible in the presence of homoge- In conclusion, we believe that shattering may occasion-
neous freezing. ally influence the observead., especially at higher temper-

Several scenarios are possible to explain the low ice crystahtures. However, these cases do not significantly impact the
numbers: (i) the ice clouds have formed homogeneously apattern of theNice frequencies presented here or the results
very lowu; (around or lower than 1 cm/sec), (ii) they formed and conclusions derived from these measurements.
via heterogeneous ice nucleation, (iii) ice nucleation is sup-
pressed at low temperatures (see S&@).

Scenario (i), homogeneous freezing at very lpwseems 4 Conclusions

unlikely, because highet do occur in the uppermost tropo- ) _ S )
sphere (awson et al.2008 Jensen et al2008. Scenario We studied the upper tropospheric humidity in- and outside

(ii), heterogeneous freezing as sole ice nucleating mecha@f cirrus clouds, motivated by the current discussion of per-
nism, is possible (sehvorostyanov et al2006andGensch  Sistent supersaturations up to or even above water saturation
et al, 2008, but the question arises of whether this mecha-réported in recent years especially at low temperatutetef
nism is the most frequent in the UT. In this case, the ho-€t al. 2006 2008. A variety of hypotheses are discussed in
mogeneous freezing threshold would rarely be reached afte®n attempt to understand the observations, but a key question
heterogeneous freezing once has occurred. Another possi@ised in these studies is the quality of the water measure-
ble candidate is (iii), the supression of ice nucleation as dis/nents. Here, we presented an extensive In situ datg set of
cussed above. If half of the particles contain organic mate{horoughly quality checked clear sky and in-cloud aircraft
rial (Murphy et al, 2007, this could be a common mecha- observations of relative humidity as well as ice crystal num-
nism. Perhaps all three ice-forming processes occur in th@€rs in the temperature range 183-240K (see 3gct.
uppermost troposphere with probabilities increasing from (i) In clear sky and inside of cirrus clouds we observed ex-

to (ii). plainable supersaturations up to the homogeneous freezing
threshold over the complete temperature rangd. AR00 K,
3.5.3 Ice crystal shattering a small fraction of supersaturations slightly above the homo-

geneous freezing threshold but well below water saturation
Shattering of larger ice crystals may have enhanced the numare found. The observations allow the following conclusions.
ber of particles detected in the FSSP size range, especially Clear sky supersaturationgirom our robust data set cases
for the temperature range205K (see SecR.2). The good  of slight freezing suppression in cold ice clouds could be de-
agreement of ouNijce Observations with those reported from rived (see SecB.2), but a severe suppression of ice forma-
INCA in this temperature range (see S&b.1) may be due tion that raises the clear sky supersaturation to values above
to the same shattering problems as speculateléthgen etal. water saturation is not seen. We support the idea that this
(2009. Assuming that the most frequent. concentrations  freezing suppression is caused by the composition of the
are lower and lie between the middle and minimNg, in aerosol particles. We do not rule out here an impact of other
Fig. 9 (top panel), this implies either that the vertical ve- hypotheses to explain high supersaturations Peger et al.
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2006 2008, such as a low mass accommaodatiorHed on Funding for the campaigns was granted by the BMBF within the
aerosol particles or an underestimation of the vapour pres-Ozonforschungsprogramm” and the “Angewandte Klima- und
sure of supercooled water, but altogether we do not observétmosptarenforschung” programme, by the EU DG XII within

a large effect on the ice formation in the upper troposphere, Framework Programmes S and 6, and by ESA within the ENVISAT
. - . validation programme. Water vapour measurements by FLASH
In-cloud supersaturations: Likewise, no processes . . ;
v hindering th th of i tals while holdi and data preparation was supported by the Russian Foundation for
severely hindering the growth of ice crystals while NoldiNG g,qic Research grants No. 06-05-64165-a and 07-05-00486-a. This

up the supersaturation are necessary to explain our obsefok was partly supported by the European Commission within the
vations inside of clouds (see Sec3s3and3.4). However,  framework of the Marie Curie Fellowship “Impact of mesoscale dy-
as for clear sky, we do not rule out the possibility that sev-namics and aerosols on the life cycle of cirrus clouds (IMDALCC)".
eral mechanisms summarized and discussedbyef et al.

2006 2008 and references therein) might influence the de-Edited by: T. Garrett

pletion of water vapour by growing ice crystals: a low mass
accommodation ofi,0 on ice, nitric acid deposition on ice
forming NAT or cubic ice formation. However, from our data

set we cannot d.educe a !arge effect on ice grO\{vth. . Beaver, M. R., Elrod, M. J., Garland, R. M., and Tolbert, M. A.: Ice
Supersaturations and ice crystal numbePersistent high nucleation in sulfuric acid/organic aerosols: implications for cir-
— but below the homogeneous freezing threshold — supersat- rus cloud formation, Atmos. Chem. Phys., 6, 3231-3242, 2006,
urations at low temperatures are found in our measurements. http://www.atmos-chem-phys.net/6/3231/2006/
The key parameter explaining these observations is the numcomstock, J., Ackerman, T. P., and Turner, D.: Evidence of high
ber of ice crystals, which is unexpectedly low in most cases ice supersaturation in cirrus clouds using ARM Raman lidar
(see Sect3.5). Several scenarios are proposed to explain measurements, Geophys. Res. Lett., 31, L11106, doi:10.1029/
these low ice crystal numbers: (i) the ice clouds have formed 2004GL019705, 2004. ,
homogeneously at very low, (around or lower 1cm/sec), Ccomstock, J., Ackerman, T. P., and Tumer, D.: Understanding
(ii) they formed via heterogeneous ice nucleation, (iii) ice ice supersaturation, particle growth, and number concentration

leation i datl i t Wi lat in cirrus clouds, J. Geophys. Res., 113, D23211, doi:10.1029/
nucieation Is suppressed at lIow temperatures. e speculate 2008JD010332, 2008.

that all three ice-forming processes occur in the UPPermosh,yis s.. Avallone, L., Kahn, B., Meyer, K., and Baumgardner,
troposphere with differing probabilities. D.: Comparison of airborne in situ measurements and Moder-
Considering this hypothesis together with our clear sky ate Resolution Imaging Spectroradiometer (MODIS) retrievals
and in-cloud supersaturation as well as ice crystal number of cirrus cloud optical and microphysical properties during the
field observations yields a consistent picture for low temper- Midlatitude Cirrus Experiment (MidCiX), J. Geophys. Res., 114,
atures: a combination of the different ice-forming processes 02203, doi:10.1029/2008JD010284, 2009. _
would produce clear sky and in-cloud supersaturations up t§'€ Reus: M., Borrmann, S., Heymsfield, A. J., Weigel, R., Schiller,
C., Mitev, V., Frey, W., Kunkel, D., Krten, A., Curtius, J., Sit-

values above the homogeneous freezing threshold as well . ) .
as low ice crystal numbgrs which in turr? causes persistent nikov, N. M., Ulanovsky, A., and Ravegnani, F.: Evidence for ice
Y ! P particles in the tropical stratosphere from in-situ measurements,

super- and subsaturations. Atmos. Chem. Phys. Discuss., 8, 19313-19355, 2008,

In summary, we confirm the existence of supersaturations  http://www.atmos-chem-phys-discuss.net/8/19313/2008/
up to the homogeneous freezing threshold and sometimeEield, P., Heymsfield, A., and Bansemer, A.: Shattering and particle
slightly above in- and outside of cirrus clouds. We explain interarrival times measured by optical array probes in ice clouds,
the observations by conventional knowledge of cloud micro- J. Atmos. Ocean. Tech., 23, 1357-1371, 2006a.
physics. Especially, high persisent supersaturations at lovfield, P., Wood, R., Brown, P., Kaye, P. H., Hirst, E., Greenaway,

temperatures are traced back to low ice crystal numbers R., and Smith, J.: Ice particle interarrival times measured with a
which however are not yet fully understood. fast FSSP, J. Atmos. Ocean. Tech., 20, 249-261, 2006b.

Gao, R., Popp, P., Fahey, D., Marcy, T., Herman, R., Weinstock,
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