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Abstract

Observations of persistent high supersaturations with respect to ice inside cirrus clouds
are challenging our understanding of cloud microphysics and of climate feedback pro-
cesses in the upper troposphere. Single measurements of a cloudy air mass provide
only a snapshot from which the persistence of ice supersaturation cannot be judged.5

We introduce here the “cirrus match technique” to obtain information of the evolution
of clouds and their saturation ratio. The aim of these coordinated balloon soundings is
to analyze the same air mass twice. To this end the standard radiosonde equipment
is complemented by a frost point hygrometer “SnowWhite” and a particle backscatter
detector “COBALD” (Compact Optical Backscatter Aerosol Detector). Extensive trajec-10

tory calculations based on regional weather model COSMO forecasts are performed for
flight planning and COSMO analyses are used as basis for comprehensive microphys-
ical box modeling (with grid scale 2 km and 7 km, respectively). Here we present the
results of matching a cirrus cloud to within 2–15 km, realized on 8 June 2010 over Pay-
erne, Switzerland, and a location 120 km downstream close to Zurich. A thick cirrus was15

detected over both measurement sites. We show that in order to quantitatively repro-
duce the measured particle backscatter ratios, the small-scale temperature fluctuations
not resolved by COSMO must be superimposed on the trajectories. The stochastic na-
ture of the fluctuations is captured by ensemble calculations. Possibilities for further
improvements in the agreement with the measured backscatter data are investigated20

by assuming a very slow mass accommodation of water on ice, the presence of het-
erogeneous ice nuclei, or a wide span of (spheroidal) particle shapes. However, the
resulting improvements from microphysical refinements are moderate and comparable
in magnitude with changes caused by assuming different regimes of temperature fluc-
tuations for clear sky or cloudy sky conditions, highlighting the importance of a proper25

treatment of subscale fluctuations. The model yields good agreement with the mea-
sured backscatter over both sites and reproduces the measured saturation ratios with
respect to ice over Payerne. Conversely, the 30 % in-cloud supersaturation measured
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in a massive, 4-km thick cloud layer over Zurich cannot be reproduced, irrespective of
the choice of meteorological or microphysical model parameters. The measured super-
saturation can only be explained by either resorting to an unknown physical process,
which prevents the ice particles from consuming the excess humidity, or - much more
likely - by a measurement error, such as a contamination of the sensor housing of the5

SnowWhite hygrometer by a precipitation drop from a mixed phase cloud just below the
cirrus layer or from some very slight rain in the boundary layer. This uncertainty calls for
in-flight checks or calibrations of hygrometers under the extreme humidity conditions in
the upper troposphere.

1 Introduction10

Cirrus clouds play an important role in the complex mechanisms of climate change
(Solomon et al., 2007). Their ability to reflect, transmit and absorb solar radiation and
to absorb and emit infrared terrestrial radiation impacts the terrestrial radiation balance
(Mason, 2002). Depending on optical thickness and altitude, and on the albedo of the
surface or the lower clouds, the net effect on climate can either be a cooling or warm-15

ing (Chen et al., 2000; Fusina et al., 2007; Corti and Peter, 2009), but quantifying the
magnitude of this effect is difficult because of uncertainties in these or other quanti-
ties characterizing the cirrus life cycle (Lynch et al., 2002). Furthermore, microphysical
properties such as number density, size and shape of the ice crystals affect the cloud
lifetime and radiative properties and thus the humidity of the upper troposphere and20

lower stratosphere (Jensen and Toon, 1994).
The formation and evolution of cirrus clouds depends strongly on environmental con-

ditions (temperature, cooling rate, relative humidity, wind field etc.), cloud internal dy-
namics (Marsham and Dobbie, 2005; Fusina and Spichtinger, 2010), as well as on
background aerosols that are either liquid and freeze homogeneously (Hoyle et al.,25

2005; Spichtinger and Gierens, 2009a) or contain a solid and may act as heteroge-
neous ice nuclei (DeMott et al., 2010). Ice in the upper troposphere is known to nu-
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cleate via both pathways, homogeneous freezing of aqueous solution droplets (Koop
et al., 2000) or heterogeneous nucleation on solid aerosol particles (DeMott et al.,
2003). Both mechanisms, and especially homogeneous freezing, require regions with
very low temperatures and high supersaturation with respect to ice. Ice supersatu-
rated regions (ISSRs), i.e. clear air masses with ice supersaturation, are the potential5

formation regions for cirrus clouds (Gierens and Spichtinger, 2000; Spichtinger et al.,
2003a, b). A variety of data sets (satellite, aircraft, radiosondes) and trajectory cal-
culations serve to improve the understanding of ISSRs and cirrus formation (Ovarlez
et al., 2000; Comstock et al., 2004; Jensen et al., 2005; Spichtinger et al., 2005; Get-
telman et al., 2006; Vömel et al., 2007; Krämer et al., 2009). Although persistent ISSRs10

in the upper tropospheric cloud-free air are well understood, very high in-cloud su-
persaturations are difficult to comprehend, since ice crystals should readily deplete
the supersaturated water vapour leading to a fast decrease of supersaturation. Even
though several potential theoretical explanations for persistent supersaturations have
been alluded to, this phenomenon and the frequency of its occurrence remain difficult15

to understand (Peter et al., 2006, 2008). As shown by the hygrometer intercomparison
campaign AquaVIT (Fahey et al., 2009), instrumental artifacts may also cause some
of the observed massive supersaturations: under static cloud-free conditions a core
group of eight water vapour instruments investigated by AquaVIT were generally within
±10 % of a reference value for water mixing ratios >10 ppmv (and total air pressures20

70–500 hPa), with some outliers up to ±20 %. This translates into an uncertainty in
relative humidity with respect to ice, RHice, of 10–20 %. While these results prove that
significant discrepancies between instruments exist, they were obtained under well
controlled static conditions, which differs from conditions in the field (e.g., because of
reduced ventilation of the instruments).25

Humidity measurements inside cloud-free ISSRs or cirrus clouds provide normally
only an Eulerian measurement, i.e. a snapshot of the investigated air mass. In or-
der to investigate their temporal evolution, a Lagrangian element was introduced in
sonde measurements and modeling within the framework of the project LAMMOC (LA-
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grangian Measurements and MOdeling of Cirrus clouds). The main idea of the project
was to analyze and understand the life cycle of cirrus clouds in mid-latitude regions
as well as the occurrence and evolution of RHice inside these clouds by measuring
the same air parcels twice within a few hours. Here we discuss balloon-borne cirrus
particle backscatter and relative humidity measurements using this so-called “match”5

technique. The MeteoSwiss radio-sounding site at Payerne (46.813◦ N and 6.943◦ E)
was taken as a fixed starting point for one of the two “match” soundings. A mobile
balloon-sounding unit was then used to launch a second radiosonde about 2 h later
downstream of Payerne within the greater area of Zurich. The aim to measure the
same air mass at cirrus level twice by two subsequent soundings is ambitious and in10

order to fully account for the Lagrangian point of view, intensive trajectory calculations
have been performed for flight planning and analysis. Microphysical box modeling was
used to reproduce the atmospheric profiles for the measurement period (starting a few
hours upstream) in order to understand the formation and evolution of the observed
cirrus cloud.15

2 “Match” technique

The idea for this technique was first coined during ozone loss studies in the Arctic
(Rex, 1993; von der Gathen et al., 1995). Within the framework of the European Arc-
tic Stratospheric Ozone Experiment (EASOE), ozone depletion rates were calculated
from matches between random balloon soundings, thereby following the evolution of20

ozone along the trajectories inside the polar vortex. Rex et al. (1997, 1999) improved
the technique using numerical weather forecast models as tool for air parcel tracking
and predicting the optimum time for the launch of the second balloon sonde. Dur-
ing the SOLVE/THESEO-2000 Arctic stratospheric campaign in the winter 1999/2000,
Fueglistaler et al. (2002) applied the match technique to trace widespread occurrences25

of very large HNO3-containing particles in very low number densities, probably com-
posed of nitric acid trihydrate (NAT), back to Polar Stratospheric Clouds (PSCs) with
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higher number densities occurring on the mesoscale. Using forward trajectories, they
were able to connect the mesoscale “mother clouds” to low number density NAT par-
ticle populations several days downstream. Lagrangian characterization of air parcels
in order to quantify the efficiency of dehydration in the tropical tropopause layer (TTL)
over the western Pacific was conducted as part of the Soundings of Ozone and Wa-5

ter in the Equatorial Region (SOWER) project using frost point hygrometers (Hasebe
et al., 2007; Inai, 2010). The water vapour match determined from the SOWER network
observations was chosen based on isentropic trajectories calculated from the ECMWF
operational analysis data, fulfilling temperature and ozone mixing ratio criteria. And
finally, Dionisi et al. (2013) used the match method to estimate cirrus crystal fall veloc-10

ity from ground-based lidar observations. Several attempts to investigate the temporal
evolution of cirrus clouds during the aircraft campaigns (Gultepe and Starr, 1995; Field
et al., 2006) and using satellite measurements (Soden, 2004) reveal how challenging
the Lagrangian measurements are.

In the present work we perform the probably first balloon-borne cirrus match study15

over mid-latitudes. Favourable cirrus match conditions are determined from the follow-
ing criteria. The balloon launch requires a general alignment of the wind direction as
the first criterion, in order to minimize the travel distance of the mobile equipment for
the downstream measurement. Secondly, a forecast relative humidity with respect to
ice exceeding 90% in the cirrus altitude region is demanded as an prerequisite of cloud20

existence. Thirdly, the wind speed needs to be sufficiently small to allow for at least
one hour time between the two launches in order to observe possible changes in su-
persaturation within the air mass. As a final criterion, wind shear must be sufficiently
small.

Extended ice supersaturated regions (RHice >90 %) and cirrus clouds (ice water25

content IWC >10 mg H2O/kg air) are determined using nested Consortium for Small-
Scale Modeling (COSMO) / European Centre for Medium-Range Weather Forecasts
(ECMWF) forecasts. The localization of the downstream match point is based on fore-
casts from COSMO-2, i.e. the 2-km resolution version of the regional weather forecast
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model COSMO, which we retrieved every 3 h. By means of trajectory ensemble calcu-
lations based on the COSMO-2 forecasts, we investigated whether match radii better
than 10 km could be reached in the layer relevant for cirrus formation.

The two matching balloon soundings are established as follows (compare Fig. 1):

(a) Flight trajectory of the upstream radiosonde: The ascent flight path of the first5

balloon is simulated as forward trajectory by superimposing a fixed 5 ms−1 climb
rate onto the COSMO wind field in order to obtain the position of the radiosonde
at cirrus altitude.

(b) Ensemble of air parcel trajectories: Positions along the upstream radiosonde flight
path are determined at 15 altitudes with a spacing of 300 m in the 6–12 km height10

range. From these points air parcel forward trajectories are calculated.

(c) Flight trajectory of the downstream radiosonde: For each of the 15 air parcel tra-
jectories the backwards balloon trajectories (with superimposed −5 ms−1 climb
rate) are calculated to obtain the potential launch site and time.

(d) Match quality at higher levels: Forward balloon trajectories are then calculated15

from the potential downstream launch determined under (3) to estimate the match
quality at higher levels. The launch site is selected according to optimized humid-
ity conditions and “match” distances (calculated between the potential second
balloon ascent and the given air parcel trajectories on isentropic surfaces).

For the preselected altitude the match distance is zero according to the forecast,20

while above and below this altitude the match worsens due to wind shear. After the flight
the calculations are repeated with meteorological analysis instead of forecast data and
with the actual balloon track as recorded by GPS, showing that the preselected match
is typically off by 3 or 4 km.
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3 Instruments and models

The experimental setup consisted of two standard MeteoSwiss balloon radiosondes
(Meteolabor SRS C-34, type 64, serial numbers: Payerne 18651, Zurich 17654) carry-
ing the payload of approximately 1800 g. It comprised a SnowWhite hygrometer (from
Meteolabor, Switzerland), a COBALD particle backscatter sonde (our own develop-5

ment), and in addition the standard Rotronic HC2 Humicap capacitive polymer sensor
and global positioning system (GPS) receiver. Meteorological parameters measured
by these radiosondes are temperature, pressure, and wind extracted from the GPS
data. The balloons have typical mean ascent rates of about 5 ms−1, reaching altitudes
between 30 km to 35 km before burst. During descent, the payload is attached to a10

parachute, allowing for a potential recovery.

3.1 COBALD particle backscatter sonde

The lightweight Compact Optical Backscatter AerosoL Detector (COBALD) was devel-
oped recently at Swiss Federal Institute of Technology (ETH Zurich) to be flown on
operational weather balloons (Wienhold, 2012). It has specifications comparable to the15

Wyoming backscatter sonde by Rosen and Kjome (1991), but implementing high power
light emitting diodes (LEDs) replacing the flashlamp. COBALD is much lighter (500 g
including batteries) than the Rosen & Kjome sonde (6 kg). The two LEDs emit light at
455 nm (blue) and 870 nm (infrared). A silicon detector detects the light, backscattered
by air molecules, aerosols or cloud particles and allows signal retrieval at a higher fre-20

quency (1–20 Hz) than the Rosen and Kjome sonde (0.15 Hz). Daylight saturates the
photo-detector and therefore COBALD measurements are only carried out at night.
COBALD data analysis provides the backscatter ratio (BSR), which is defined as the
net signal (from molecules and aerosol particles) divided by the Rayleigh signal (air
molecules only). In regions with very low aerosol loading the signal consists of almost25

pure molecular scattering and the BSR is close to unity. The aerosol backscatter ratio
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(ABSR) is calculated as BSR-1. The color index (CI) is defined as

CI =
ABSR(870nm)

ABSR(455nm)
, (1)

and provides information on the particle size. Using Mie calculations for spherical par-
ticles, or the T-matrix method for rotationally symmetric particles (like spheroids), as-
suming a lognormal aerosol size distribution, CI can be calculated for the wavelenghts5

used by COBALD and then compared with a measured CI in Eq. (1), allowing an esti-
mate of the particle size. But due to Mie oscillations, the CI radial dependence becomes
non-monotonous rendering the size attribution ambiguous for radii in excess of 3 µm.
This limits the information concerning the particle size for modeling studies.

3.2 SnowWhite hygrometer10

The SnowWhite hygrometer is a chilled-mirror sensor developed by Meteolabor AG
(Wetzikon, Switzerland). It measures water vapour partial pressure in the atmosphere
by means of a dew or frostpoint measurement (Meteolabor, 2013). SnowWhite has a
unique frost/dew point mirror based on a copper-Constantan thermocouple, which is
Peltier-cooled and acts simultaneously as thermometer, hence minimizing the heat ca-15

pacity of the system. Regulated to the dew or frost point temperature of the air directly
above the mirror surface, the mirror maintains a thin liquid or solid condensate layer
of constant thickness. Changes in the condensate thickness are detected by a photo-
transistor via an optical fibre (Fujiwara et al., 2003). Relative humidity with respect to
ice is calculated based on air temperature and frost point measured temperature, both20

measured with identical thermocouples. For our measurements, only the night time ver-
sion of SnowWhite was used, because this avoids known problems with the radiative
shielding of the daytime version, which may collect hydrometeors, and also because of
the requirements for the COBALD sonde.
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3.3 Numerical weather prediction models and trajectory calculations

For air parcel and balloon trajectory calculations a standard tool for Lagrangian investi-
gations developed at ETH Zurich is used. The Lagrangian Analysis Tool (LAGRANTO,
Wernli and Davies (1997)), originally based on ECMWF wind fields, was adapted to
the output of the regional Numerical Weather Prediction (NWP) model COSMO for5

air trajectories and to routines for the balloon trajectory model (Engel, 2009). ECMWF
forecasts give a prediction with a horizontal resolution of 25 km, reaching 80 km altitude
with 91 levels. COSMO-2 provides a 24 h forecast for match sounding with the horizon-
tal resolution of 2.2 km and 60 levels in vertical, reaching an altitude of approximately
23 km. With the same vertical spacing but 6.6 km horizontal resolution, COSMO-7 runs10

are performed for the following 48 h using a 72 h forecast. Forecasts longer than three
days are provided by ECMWF and used as lateral boundary conditions for the nested
COSMO-7. Values are obtained every minute along each trajectory or pathway of a
balloon flight for latitude, longitude, altitude, pressure, temperature, potential tempera-
ture, water vapour mixing ratio, relative humidity with respect to ice, liquid and ice water15

content, wind speed and wind direction.

3.4 Ice microphysics scheme

The comprehensive Zurich spectral optical and microphysical Lagrangian box model
(ZOMM) was used to perform detailed microphysical analysis in order to simulate the
formation and evolution processes of the observed cloud. This model has been ap-20

plied previously for polar stratospheric cloud investigations and tropospheric aerosol
and cirrus studies (Luo et al., 2003; Hoyle et al., 2005; Engel et al., 2013). It is also
used as a column model, driven by temperature and pressure data along staggered
air parcel trajectories (Brabec et al., 2012), and in the present context we will make
use of this column feature. Kinetically limited uptake or release of water by ice and25

aqueous (NH4)2SO4 and H2SO4 solution droplets as well as the ice nucleation of liquid
aerosol particles are treated in detail in a Lagrangian approach, i.e. by moving particles
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in the same size class after growth/evaporation within radius space and avoiding the
numerical diffusion that would occur in a Eulerian size scheme with prescribed size
bins. Initially the model starts with 100 logarithmically spaced aerosol size classes, but
as water uptake and evaporation processes take place the radius of each size class
is allowed to change, and through ice nucleation events, new classes of particles are5

created (and the corresponding number density of particles will be subtracted from the
initial liquid size class). A detailed physical treatment of the ice growth/evaporation pro-
cess is achieved by numerically solving the diffusion equation including the option to
treat the mass accommodation coefficient (for water molecules on ice) as a function
of supersaturation (see below). Concerning nucleation, homogeneous ice nucleation is10

parameterized based on classical nucleation theory generalized to describe the freez-
ing of aqueous solution droplets implementing the water-activity-based theory of Koop
et al. (2000). After each nucleation event a new size class for ice is created. When the
ice particles are evaporated, we delete this ice size class and the number density is put
back into the original liquid size class from which the ice particles nucleated. Besides15

homogeneous nucleation the model also calculates heterogeneous ice nucleation on
ice nuclei, assumed to be mineral dust particles in the immersion mode, similar to the
approach by Engel et al. (2013) using the active-site-based heterogeneous nucleation
parameterization of Marcolli et al. (2007). Sedimentation of the ice crystals within the
column is taken into account by means of a size-dependent terminal velocity, moving20

a fraction of them into boxes at lower levels (in vertically stacked Eulerian bins of 100
m depth). The ice particles are redistributed into the neighboring ice classes when the
mass difference between the resulting classes would be less than 20 %, and this is per-
formed by maintaining mass and number density. Otherwise, a new ice class is created
for sedimented ice particles from the upper layer.25

3.5 Optical scheme

With the aid of a light-scattering algorithm for spherical and non-spherical particles
(Mishchenko, 1991) it is possible to convert particle size distributions calculated by the
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microphysical model into a simulated backscatter sonde signal along the chosen tra-
jectory. The information from the microphysical scheme is used as input for the optical
model, which allows to calculate backscatter coefficients and depolarization ratios of
particles at arbitrary wavelengths, here in particular at the COBALD wavelengths. By
comparing the results of the optical simulation with the observed BSR, certain param-5

eters of the microphysical model can be constrained. The scattering matrix of liquid
particles is computed exactly by solving the scattering problem by means of Mie theory
(Bohren and Huffman, 2010). The refractive index of the aqueous droplets is calculated
using the model of Krieger et al. (2000) for H2SO4-H2O solution droplets. For the cal-
culation of the backscattering by ice particles we use the refractive index of ice (1.31)10

and apply the T-matrix method by Mishchenko (1991) to estimate shape effects. Here,
we approximate the ice particles by prolate (“cigar-like”) spheroids with the aspect ratio
A=a/b (the ratio of the equatorial to polar lengths) and volume V = 4/3πa2b, which is
taken equal to the volume of the ice particles calculated by the microphysical model.
Following Brabec et al. (2012), we assume an aspect ratio A=0.75, i.e. slightly prolate,15

which may be a typical value for midlatitude cirrus cloud particles. Nousiainen and Mc-
Farquhar (2004) found that the small ice crystals with dimension <100 µm are mostly
quasi-spherical and Fu (2007) found that the scattering properties are not sensitive to
the aspect ratio. Figure 2 shows the aerosol backscatter ratio, ABSR, as function of

aspect ratio and radius r = (3V / 4π)1/3. Within a range of A differing by ±20 % from20

assumed aspect ratio, for a given r, the calculated ABSR may differ from the values at
A=0.75 by up to a factor of 2. This uncertainty needs to be taken into account when
interpreting the sonde measurements.

4 Results

A total of more than 500 nights were analyzed during a 2.5 yr period with respect to the25

suitability to perform match flights. Of these 500 nights about 30 satisfied the match
criteria between Payerne and the greater area of Zurich. Even though there were more
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days with a favourable match situation, other factors dominated the decisions not to
perform the launches, such as ground weather conditions, limited human resources on
either site, lacking COSMO-2 forecasts for the scheduled day etc. During 9 of these
30 nights match flights have actually been performed (e.g. because the weather sit-
uation became favourable only briefly before the required flight time). Three of these5

9 launches suffered from technical problems during flight caused by one of the GPS
receivers or from unexpected launch problems (such as rain). Table 1 shows the dates
of the nine match flights, including information about the location of the downstream
sounding in the surrounding of Zurich, the closest obtained match distance and the
altitude where this distance occurred. The upstream sounding was always performed10

from Payerne at 46.81◦ N latitude and 6.94◦ E longitude. Match values are based on bal-
loon GPS data and trajectories from NWP analysis data. GPS/analysis-based match
distances show finite values of a few kilometres (whereas the best distance in a fore-
cast is zero by definition). In what follows we present the match flight case with the best
match distance performed on 8 June 2010.15

4.1 Match forecast and analysis

The latest available COSMO-2 forecast from 15 UTC on 8 June 2010 confirmed
favourable match situation as suggested by ECMWF and COSMO-7 forecasts a few
days earlier. Air was approaching Switzerland from the Atlantic Ocean, west of Portu-
gal, in a flow with relatively small horizontal wind shear, and above 8.5 km also small20

vertical wind shear (Fig. 3a). The air was moist but cloud-free over the Atlantic, and
was forecast to cool, thus resulting in conditions for cirrus formation when approach-
ing Switzerland. The time for the first sounding from Payerne was set, and then the
time and location of the second sounding was determined by choosing the best match
trajectory that fulfilled the criteria outlined in Sect. 2.25

The sounding from Payerne was scheduled for 20:00 UTC, but realised 4 min later,
while the one in the surrounding of Zurich from [47.45◦ N, 7.85◦ E] started exactly at
21:28 UTC as scheduled. Ground conditions were dry at Payerne, but with episodic,
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very light drizzling rain at the upstream position, which almost put the launch at stake.
The location of the second sounding is presented as a red point in Fig. 3b. The colored
curves show the spread in air parcel trajectories for different altitude levels based on
the COSMO-2 analysis data starting from the Payerne GPS track, indicating that the
trajectory at 9.4 km yields the best match distance with the second balloon launch. The5

analysis data reveal a relatively small but significant horizontal wind shear, pointing to
the highly dynamical processes in the atmosphere, that compromises the column box
model approach. The forecast predicted significantly less wind shear than the anal-
ysis revealed, namely an angular spread only about half as large as that shown in
Fig. 3b. Furthermore, given horizontal wind velocities of ≈70 km/h in 6 km - 12 km alti-10

tude range, the delay of 4 minutes in the upstream launch can already be responsible
for a few kilometres of mismatch.

In order to validate the match accuracy and the quality of the NWP forecast, the air
parcels initialized from the GPS balloon track in Payerne and followed by COSMO-2
analysis trajectories are related to the GPS balloon track from the Zurich sounding.15

Thus the match distances calculated from the forecast and from the analysis are com-
pared. As mentioned before, the simultaneous shortest distance between the air parcel
trajectory initialized from the Payerne GPS balloon track and the Zurich balloon GPS
recording is calculated on isentropic surfaces for each level. Figure 4 shows these
match distances as a function of altitude for COSMO-2 forecast and analysis fields. In20

the forecast case the smallest match distance between the forecast trajectories and
the balloon track is at 9.0 km altitude, while it is at 9.3 km when using the analysis wind
fields. In reality, when replacing the balloon simulation by the GPS balloon tracks, the
closest approach to the COSMO-2 analysis trajectories is at 9.4 km altitude with a dis-
tance of 1.7 km. This confirms that the forecasting tool is successful in matching the25

target air parcel with a distance better than a few kilometres.
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4.2 Observations

Figure 5 shows the radiosonde profiles for the night of 8 June 2010. COBALD mea-
surements are presented by the backscatter ratios at 870 nm wavelength (red curve),
while cyan and magenta show the relative humidity with respect to ice assuming solid
condensate on the SnowWhite mirror and relative humidity with respect to liquid, re-5

spectively. The thin dashed dark and light blue lines in Fig. 5 indicate the RHice and
RHliq as measured by the Humicap sensor. As expected, the Humicap provides very
good RHice up to about 6 or 7 km altitude, but becomes too slow to follow the moisture
structure at higher levels, as is strikingly clear from the sudden drop in humidity at the
tropopause captured well by the SnowWhite. Subsequently we will not make use of10

the Humicap data. The error analysis for COBALD limits its uncertainty to ±8–10 %
of backscatter ratio at 870 nm. For SnowWhite, the nominal uncertainty is ±3 %. How-
ever, as we will see below, the accuracy in one of the measurements has most likely
been severely compromised leading to a systematic error of likely rather 20-30 %.

The BSR approaches values close to unity (molecular Rayleigh backscatter) in layers15

with very low aerosol concentrations, i.e. around 4.5 km altitude and in the lower strato-
sphere. Conversely, there is a thick cloud layer above both sites between 6 and 13 km,
with particle sizes larger than 3 µm indicated by the CI (not shown here). The humidity
and temperature measurements suggest that the observed thick cloud consisted of a
mixed-phase cloud below 7.5 km altitude and a cirrus cloud above, which we will show20

to be consistent with box model simulations. Between 3 and 4 km another broad peak
in BSR points to the presence of mist, containing swollen aerosols. Interestingly, the
Zurich sonde reveals a pronounced boundary layer inversion of 3–4 ◦C. At the ground
the air was very moist with RHliq ∼100 %, i.e. at the onset of rain. Some of the prob-
lems with this sounding discussed below might be related to raindrops that might have25

collided with the housing of the SnowWhite sensor. This is different at Payerne with
RHliq ∼95 %.
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The Payerne sounding shows a gap in backscatter between 9 and 10 km resulting
in two separate cirrus layers, but when the air arrived over Zurich, the gap was filled.
There are several possible explanations:

(a) the gap might have been filled by ice crystals sedimenting from higher levels;

(b) it might have been filled by new particle nucleation;5

(c) or due the presence of internal dynamics and instabilities (shallow convection)
within the cloud;

(d) or wind shear might have led to different air masses being transported into the
gap layer.

Hypotheses (c) and (d) cannot be investigated by a trajectory column approach. In10

particular we have no means to rule out (d), apart from the fact that the cloud gap
and its filling is observed exactly at the best match altitude rendering wind shear ef-
fects a questionable explanation. Hypothesis (c) may be investigated by inspection
of stability along the two balloon tracks. Equivalent potential temperature is a good
indicator for potentially unstable layers in an air column (Houze, 1993), which takes15

temperature changes in an air parcel resulting from potential latent heat release or
consumption upon cloud particle condensation/evaporation into account. It is defined
as θeq = θexp(Lsqv/cpT ), where Ls denotes the latent heat of sublimation, qv the mix-
ing ratio of water vapour mass per mass of dry air, cp the specific heat of dry air at

constant pressure and θ = T × (p0/p)2/7 is the potential temperature with air tempera-20

ture T and pressure at the earth surface p0. The stability criterion reads

∂θeq

∂z


> 0, potentiallystable
= 0, potentiallyneutral
< 0, potentiallyunstable

(2)

Figure 6 shows the equivalent potential temperature θeq derived from p, T and qv
for both soundings. While a potential instability is present between 6.5 km and 8 km
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over Payerne in the altitude layer supporting the supercooled liquid cloud, at cirrus
levels the atmosphere is potentially stable or neutral. The same holds for the Zurich
sounding, containing an unstable layer below 7 km, as well as a shallow layer around
11 km, which might potentially be unstable. This instability might indicate the presence
of shallow convection inside cirrus clouds, as proposed and investigated by Spichtinger5

(2013). Overall, the Zurich profile suggests more dynamical activity on 100–200 m
altitude scales, which may lead to vertical air mass exchange over this altitude range,
but none of the profiles suggests convection to an extent that would prohibit a trajectory
analysis.

Explanations (a) and (b) are investigated in the subsequent sections first by detailed10

comparison with COSMO data, then by comprehensive microphysical modeling, and
finally by a discussion of the quality of the RHice data. Concerning the closure of the
cloud gap between 9 and 10 km altitude, as we will see below, the model provides ev-
idence against extensive ice particle sedimentation (explanation (a)), but clearly sup-
ports new ice nucleation between Payerne and Zurich (explanation (b)).15

4.3 Comparison of COSMO-7 fields with measurements

We intend to investigate the microphysical changes in the air mass travelling from Pay-
erne towards the second launch location using a spectral (i.e., particle size resolving)
column box model, driven by temperature and pressure fields from COSMO-7 analy-
sis (the COSMO-2 domain is too small for this purpose). The trajectories have been20

calculated forward and backward from the flight track of the balloon launched from Me-
teoSwiss station at Payerne, covering the altitude range of 5 to 12.6 km with 100 m
vertical intervals. The starting point for the initialization of the box model was chosen
16 h upstream the Payerne sounding, beginning the simulation with cloud-free condi-
tions in all trajectory levels. This avoids having to initialize the ice distribution, which25

cannot be extracted from the measurements.
Prior to the comprehensive microphysical modeling, we validate the accuracy of

COSMO-7 analysis fields comparing temperature, humidity, ice and vapour mixing ra-
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tio profiles extracted along the balloon tracks with the measured data. As we will see
below, COSMO-7 misjudges the phase of the warming by about half hour, i.e. COSMO
runs early. We therefore compared the observed and modeled data not only at the
position of the balloon (green curves in Fig. 7), but also for a position half hour up-
stream (black curves in Fig. 7). The temperature difference between the model value5

and measurement is presented in panels a and e of Fig. 7 for Payerne and Zurich,
respectively. The altitude range of interest is between 400 hPa and 180 hPa. COSMO
temperatures are in excellent agreement with the Payerne sonde, but are ∼2 K warmer
than the temperature measured by the Zurich sonde between 250 hPa and 200 hPa.
This is exactly where the upper part of the measured cirrus cloud was located. Water10

vapour mixing ratios of the model relative to the measurement over Zurich (Fig. 7f)
appear 20 % lower, which is also reflected in the RHice profile (Fig. 7g), whose upper
part of the cloud is subsaturated in the model by almost 30 %. Correspondingly, the
COSMO IWC (Fig. 7h) indicates no presence of an ice cloud at these altitudes, i.e. the
trajectories are too warm and too dry at the time they reach the Zurich region. This15

makes them bad candidates for driving the microphysical model in order to produce
the measured high supersaturations. Another NWP caveat potentially contributing to
the erroneous humidity representation is the one-moment bulk microphysics scheme
implemented in COSMO, which is not able to capture the fine measured structure and
prevents the persistence of ice supersaturation. Following a similar procedure as in20

Brabec et al. (2012) we compare COSMO IWC to the IWC estimated from the BSR
measurements. To this end we assume the ice crystal mode radius rm of in-situ formed
cirrus clouds to lie in a typical range of 5 µm to 20 µm, yielding an overall uncertainty
in the BSR of a factor of ∼4. Over Payerne, the COSMO data suggest the existence
of a single cloud layer with a maximum in IWC exactly where the gap between the two25

cloud layers is detected by the measurements (Fig. 7d). Over Zurich the lower part of
the cloud is represented by COSMO data, overestimating IWC values by one order of
magnitude as compared to the measured values, while the uppermost part of the cloud
is completely missed.
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As a regional model, COSMO is designed to properly match the phases of cooling
or heating in time. However, the current observations represent a case with poor phase
matching. Displacing the COSMO profiles to a position half an hour upstream of the
balloon tracks slightly alleviates the discrepancy with the measurements (the profiles
displaced by 30 min are shown as black curves in all panels of Fig. 7). Note that for5

clarity all quantities for the 1/2 h upstream position are calculated following the same
COSMO trajectory and plotting it at the pressure of the trajectory assumes at the bal-
loon track (i.e., the black points in Fig. 7 are at the same θ as the corresponding green
points; plotting the black points instead as function of upstream temperature leaves the
all panels basically unchanged except temperature, where the black curve becomes10

much more similar to the green curve because of the quasi-adiabatic layering of the
tropospheric air).

The temperature difference between COSMO and measured data is 2 K at the upper
cloud part. This explains the slight improvement in RHice and also the survival of the
cloud in the layers around 300 hPa. Half an hour upstream from Payerne below 200 hPa15

trajectories are still warmer and correspondingly the IWC is still lower.

4.4 Microphysical analysis based on COSMO-7 trajectory fields without
small-scale temperature fluctuations

For the microphysical analysis an ensemble of trajectories has been calculated based
on COSMO-7 analysis fields covering the altitude range of 5–12.6 km spaced at 10020

m vertical intervals. The trajectories have been calculated forward and backward from
the flight track of the balloon launched from MeteoSwiss station, Payerne at 20:04 UTC
on 8 June 2010. Figure 8 shows the temperature development along the trajectories
for about one day based on COSMO-7 analysis fields, revealing an average cooling
of the air masses by ∼7 K during this time period. Along the air parcel track Meteosat25

cloud images show that the air was free of clouds over the Atlantic at the west coast of
Portugal, but started forming the first high clouds over the Iberian Peninsula, and got
enhanced when the air crossed the Pyrenees. The perturbations caused by crossing

25435

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25417/2013/acpd-13-25417-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25417/2013/acpd-13-25417-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25417–25479, 2013

Balloon-borne match
measurements

A. Cirisan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the Pyrenees are apparent in the increased trajectory wave activity around 10:00–
12:00 UTC. The region between Payerne and Zurich is indicated by the balloon tracks
as green lines in Fig. 8. This region is particularly interesting, because it marks the
end of the overall cooling, showing some significant warming at altitudes above 9 km,
leading to a partial evaporation of the high clouds. Therefore, the measurements from5

Zurich took place in a situation with evaporating clouds, and a small error by COSMO-7
in the phase of the warming renders the presentation of the observed clouds difficult.

Figure 9 shows model simulations for relative humidity with respect to ice (RHice),
ice crystal number density (nice), ice mixing ratio (defined as number density of wa-
ter molecules condensed in ice divided by the number density of air molecules) and10

aerosol backscatter ratio (BSR at 870 nm) calculated by the ZOMM microphysical col-
umn model driven by winds, pressures and temperatures from COSMO-7 analysis
fields. In the model, shortly after 7 UTC the first cloud is forming around 330 hPa in
ascending air masses above the Pyrenees. This cloud is at relatively low altitudes
(H<8 km) and high temperatures (T>245 K), clearly warmer than the homogeneous15

ice nucleation threshold of 235 K (Koop et al., 2000) and thus represented in the
model as a supercooled liquid cloud with a very strong backscatter (red color, Fig. 9d).
We emphasize that the modeled numerical value of the backscatter ratio of this liquid
cloud is unrealistically high (BSR ∼ 1000), because ZOMM, though containing all rel-
evant processes for cold cirrus clouds, does not describe processes in warmer mixed20

phase clouds (coagulation and heterogeneous nucleation in liquid clouds are not im-
plemented).

At about 10:00 UTC, the model forms the first ice cloud in a thick layer between
230 and 280 hPa (H ∼9–10 km). Ice crystal number densities in Fig. 9b remain low
(mostly nice ≤0.1 cm−3), and almost vertical fall streaks to altitudes below the previous25

supercooled water cloud originate from large, quickly sedimenting ice particles. Forced
by continuous upwelling all the way to Payerne, the model forms a succession of ice
clouds at various altitudes (H∼9–13 km), which quickly sediment and/or sublimate, as
well as persistent supercooled liquid clouds at H∼6–9 km.
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As mentioned above, there is a pronounced warming phase between Payerne and
Zurich. In the model, this leads to subsaturated conditions with RHice ∼ 75 % in the
vicinity of the Zurich sounding (Fig. 9a). This causes an immediate suppression of
further cloud formation and gravitational removal or sublimation of remaining ice par-
ticles until no ice is left (Fig. 9c). Only a thick supercooled liquid cloud at lower levels5

survives, and Meteosat cloud images confirm that the air masses completely clear up
further downstream, with a sunny morning over large parts of Switzerland and south-
east Germany.

Figure 10 shows the resulting profiles of BSR and RHice, comparing measured and
calculated values (panels a, b, e, f) not only at the position of the balloon (green curves)10

but also with a position half hour upstream (black curves). Since RHice = χwp / pice(T )
is a function of both, the local temperature (via the ice vapour pressure pice(T )) and the
local water mixing ratio (via the water partial pressure χwp), we also compare measured
and modeled temperatures (i.e. Tmod −Tmeas, panels d and h) and the relative water
mixing ratio (i.e. (χw mod − χw mod − χw meas) / χw meas, panels c and g). The comparison15

with the Payerne sounding shows that the model manages to capture the clouds below
11 km very well, but misses the clouds between ∼ 11 km and the tropopause at 12.6 km
altitude (Fig. 10a). Because RHice >100 % in the model, this deficiency must be due
to a too fast gravitational removal, i.e. too large ice particles. The comparison with the
Zurich sounding discloses a complete failure of the model, which has lost all ice clouds20

(Fig. 10e). In the altitude range 8–12.6 km (180–350 hPa) the COSMO temperatures
are too warm by more than 2 K (Fig. 10h, green curve), indicating the phase error in
the onset of the warming. This improves by deplacing the termperatures upstream by
30 minutes (black curves), reducing the difference in RHice, but does not establish the
supersaturation observed by the Zurich sonde (Fig. 10f, blue curve). Yet, even with the25

displacement the cirrus clouds above Zurich cannot be fully established (Fig. 10e).
In summary, ZOMM manages to capture very well both, BSR and RHice measured

by the Payerne sonde, except for the highest cirrus between 11 km and the tropopause
at 12.6 km. Conversely, the model fails to reproduce the measurements by the Zurich
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sounding about 1.5 h downstream. This failure is partly due to a COSMO phase error,
but even when this is corrected, ZOMM forced by the original COSMO meteorological
fields cannot reproduce the observed supersaturation in a thick cirrus layer at 10-12 km
altitude.

4.5 Small-scale temperature fluctuations and other unknowns5

One known important reason for the model’s inability to represent the more persistent
cirrus layer in the upper part of the profile is its lack of small-scale temperature fluc-
tuations, i.e. unresolved variations along the air mass trajectories, which affect cooling
rates and therefore cause mostly higher ice crystal number densities, smaller radii,
smaller sedimentation speeds and longer cirrus life time. Other unknowns are certain10

microphysical properties, e.g. of the mass accommodation coefficients, which may de-
lay the sublimation of ice, or the presence of heterogeneous ice nucleation on a few
pre-existing ice nuclei. In what follows we use the match experiment data to discuss
these model aspects.

4.5.1 Small-scale temperature fluctuations15

In order to reproduce the unresolved small-scale temperature fluctuations ((dT /dt)ss),
characteristic fluctuations were superimposed on the trajectories derived from the
COSMO-7 meteorological data. We refine a procedure that has been used for a simi-
lar purpose by Brabec et al. (2012). The fluctuation frequency spectrum was adopted
again from Hoyle et al. (2005) based on the vertical wind and temperature measure-20

ments from the “Subsonic Aircraft: Contrail and Cloud Effects Special Study” (SUC-
CESS) campaign. The (dT /dt)ss applied here were constructed from the SUCCESS
data such that only wavelengths smaller than 30 km are retained. This cut-off wave-
length is chosen because longer wavelength perturbations are already resolved by
the 7 km grid spacing of COSMO-7. Concerning the proper choice of fluctuation am-25

plitudes, three different scenarios were analyzed: clear sky, cloudy sky and – as a
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combination of both – “all sky” conditions. This approach basically assumes a quasi-
universal form of the spectral shape of gravity wave motions, whose amplitude can be
scaled to reflect space and time differences. This is largely supported by considerable
research activity in this area over the past two decades (Fritts and Alexander, 2003).

For the fluctuation amplitudes we use the work by Gallice et al. (2011), who showed5

that information on air vertical motion can be derived from the ascent rate of sounding
balloons. The deviation of the observed ascent of a sounding balloon from the one ex-
pected in vertically quiet air, as derived from a detailed treatment of the balloon motion
taking internal heat flow and skin friction into account, is caused by the vertical mo-
tion of the air. Much simplified, but agreeing in general with this work, the vertical wind10

of air (w) can be estimated from the original ascent data of the sounding balloons by
subtracting a 500-s running mean (boxcar over 500 one-second GPS measurements),
which represents approximately the ascent of the balloon in quiet air.

The (dT /dt)ss can be readily calculated from w: (dT /dt)ss = −(dT /dz)×w , where
dT / dz is the adiabatic lapse rate (∼ 10 K/km). The average cooling rate outside of15

clouds was determined from the GPS data recorded during 10 radiosonde ascents
performed from Payerne and Zurich during the last years. An average cooling rate
of 〈 (dT /dt)ss 〉clear =−12 K h−1 was obtained from these soundings (where 〈. . . 〉 is the
arithmetic mean taken over all negative rates), comparing well with the mean −11 K h−1

found in convectively unperturbed periods during SUCCESS (Hoyle et al., 2005). The20

average cooling rate in clouds extracted from the present two flights exhibits almost
twice the cooling rate of the clear sky scenario, 〈 (dT /dt)ss 〉cloudy =−23 K h−1, which
we attribute to small-scale cloud internal dynamics. Using the average clear and cloudy
sky fluctuations, we scale the SUCCESS data by adjusting the fluctuation amplitudes
from Hoyle et al. (2005), and from this obtain a mean fluctuation amplitude. The “all25

sky” scenario superimposes cloudy sky T-fluctuations on those parts of the trajectories,
where ZOMM determined clouds, and clear sky T-fluctuations on cloud-free parts. As
criterion to distinguish between these cases we use the ice number density threshold
nice >10 L−1 within ZOMM. In addition we require RHice <1.35 as indicator for the end
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of the homogeneous nucleation event and beginning of the cloudy phase with release
of latent heat and subsequent small-scale turbulence.

Each of these three sets of small-scale fluctuation distributions was used as basis
for an independent, comprehensive column model calculation in order to demonstrate
the consequences of the fluctuations on the cirrus cloud properties. For each set ten5

randomly chosen fluctuation sequences (such as those shown by Hoyle et al. (2005) in
their Fig. 2) were superimposed onto the COSMO trajectories. As a generic result, the
application of any of the three fluctuations sets improves the agreement with the sonde
measurements significantly by letting the clouds develop less pronounced fall streaks
and survive to the Zurich sounding and beyond, with nice enhanced by more than one10

order of magnitude compared to the scenario without fluctuations. Figures 11 and 12
show an example applying the fluctuations of the “all sky” scenario. Differences in the
impact of clear, cloudy and “all sky” fluctuations on cirrus properties are much smaller
than the difference between the scenario without fluctuations (Fig. 9 and 10) compared
to any of the fluctuation scenarios discussed here.15

As a metric to objectify the quality of the match between the model results and the
measurements we introduce the quantity

M =

12.5 km∫
9 km

dz lnBSRmod/

12.5 km∫
9 km

dz lnBSRmeas −1 (3)

This metric uses the backscatter ratio, because it integrates all cloud processes over a
wide range of meteorological conditions upstream of the measurement. It is therefore20

largely independent of the instantaneous temperature fluctuation at the location and
time of the measurement. In contrast, relative humidity depends strongly on the tem-
perature in the moment of the measurement and, hence, is not considered to be suited
to judge the quality of the cloud modeling. The logarithmic form of Eq. (3) ensures that
not only the largest BSR enter the evaluation.25
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Graphically, Eq. (3) is the relative area between the model curves and the mea-
surements in Fig. 10a,e or 12a,e (with a lower limit taken at the upper edge of the
liquid cloud). The metric accounts only for deviations in mean values, not for the mean
squared error, in order to exclude altitude errors, which would be likely more an error of
the underlying meteorological model than of the microphysical treatment. Therefore, in5

Fig. 12a, the cloud gap above Payerne is modeled at an altitude too low by about one
kilometre, and the metric does not punish this fact.

Table 2 lists the results for M (in %) for the scenario without fluctuations and with
superimposed clear, cloudy and “all sky” fluctuations. In order to obtain the information
in Table 2 M was calculated independently for each of the 10 fluctuation runs in each10

scenario, and the run agreeing best with the Payerne and Zurich measurements is
listed (evaluated at the half hour upstream position). The scatter in M between different
fluctuations is substantial: for example, the scenario for clear sky conditions at Pay-
erne with M=−15 % may for other fluctuations be as bad as M=−62 %. Once again,
this illustrates the sensitivity of the cloud results to fluctuation events that might have15

happened far upstream.
Clearly, the major improvement over the scenario using the COSMO trajectories only

(left column in Table 2) is the introduction of fluctuations, while the differences between
the particular type of fluctuations are less important. Here, the parameterization using
the cloudy sky conditions yields the best agreement with the observations. However,20

we will see below that microphysical uncertainties are in the same range as the dif-
ferences between the various fluctuation scenarios. Therefore, different microphysical
assumptions may make other fluctuation scenarios more favorable.

There is an ambiguity as how to superimpose the (dT / dt)ss fluctuations onto the
COSMO-based trajectories concerning their phase relation within the air column. The25

two extremes are either a completely random application, i.e. each trajectory has a
different sequence of (dT /dt)ss, or fluctuations are in phase for all altitudes. The real
atmosphere is somewhere in between. In this work we apply fluctuations in phase for
all altitudes. We will return to this question in Sect. 4.5.4.
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In passing we note that we also investigated the impact of latent heat release on
the trajectory temperatures, which might differ between the microphysics schemes in
COSMO and in ZOMM. We performed full ZOMM column calculations based either on
the diabatic COSMO 3D trajectories (which include latent heat and radiative effects),
or on adiabatic trajectories using only the COSMO pressure as input and correcting for5

the latent heat release within ZOMM itself. Results are slightly better with the adiabatic
trajectory approach, but the differences are not significant. Figure 11 and subsequent
figures therefore show results from the adiabatic approach.

Figure 12 shows the comparison between the measured BSR and RHice over Zurich
and Payerne and the profiles taken from Fig. 11 at the 30 minute upstream position (i.e.10

black balloon track in Fig. 11). Black lines in Fig. 12 show the single model member with
the fluctuations that agree best with the observation in terms of M (i.e., the computation
using same member, Fluctuation No. 6, evaluated at both positions), while the grey
shaded area shows the results for all 10 ensemble members with the randomly chosen
fluctuations.15

Comparing the BSR profiles at both locations we conclude that the cloud gap around
320 hPa is filled up on the way between Payerne and Zurich, either due to formation
of new particles or by sedimentation from the levels above, with modelled BSR and
number densities of the ice crystals increasing by about one order of magnitude. This
cloud gap above Payerne is also clearly visible in all panels of Fig. 11, which basically20

verifies the quality of the COSMO-7 temperature fields enabling ZOMM to model this
gap. The model succeeds in filling this cloud gap (compare black curves in Fig. 12a
and Fig. 12e). From Fig. 11a it is clear that between Payerne and Zurich the air cooled
to reach conditions of homogeneous nucleation, and the stepwise increase in nice and
BSR in Fig. 11b, d shows that the gap was filled by a new nucleation event in the midst25

of clouds. However, from the grey ensemble area in Fig. 12e it is also clear that not each
ensemble member is doing this job, i.e. the exact choice of ensemble member plays a
big role in achieving agreement with the measurement. This highlights once again the
importance of small-scale temperature fluctuations (dT /dt)ss and our limited ability
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to provide a deterministic picture. Rather, we have to rely on probabilistic analyses,
similar to weather forecasts where weather services have also begun to make full use
of ensemble member analysis.

4.5.2 Mass accommodation of H2O on ice

Aside from meteorological processes on the small scale (e.g. (dT /dt)ss), which force5

the microphysics of cirrus, there are other independent microphysical aspects, which
affect cirrus properties. At low temperatures clean ice is thought not to develop a
quasi-liquid surface layer, but the water molecules rather need to be accommodated
directly on the crystalline ice surface. Accommodation is impeded, even when RHice
>100 %, because molecules need to arrive at a suitable position on the surface and10

in the right orientation, or else will be either reflected back into the gas phase or ad-
sorbed only loosely and subject to rapid desorption. This impedance has been ascribed
to conditions when the outermost lattice monolayer is complete and a new monolayer
needs to start via “surface nucleation”. In analogy, H2O molecules do not evaporate
at RHice <100 % without impedance: when the outermost lattice monolayer has com-15

pletely evaporated, defects need to “nucleate” first in order to facilitate further evapora-
tion. These processes are traditionally quantified by a mass accommodation coefficient
(α≤1), which comprises all details of the surface processes and describes the proba-
bility of H2O molecules condensing to/evaporating from an ice surface compared with
the absence of the surface impedance. Surface impedance has been discussed as a20

potential mechanism to explain high and persistent in-cloud supersaturations (Peter
et al., 2006, 2008). The similarity of these processes with nucleation explains why α is
likely a function of supersaturation, i.e. α = f (RHice), see e.g. MacKenzie and Haynes
(1992) or Wood et al. (2001).

The literature reports a broad range of values for the mass accommodation coeffi-25

cient of water on ice (Stephens, 1983; Lin et al., 2002; Gierens et al., 2003; Magee
et al., 2006). The surface nucleation rate depends critically on local saturation in the
vicinity of the ice surface. For large ice particles and small gas phase saturation, α

25443

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25417/2013/acpd-13-25417-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25417/2013/acpd-13-25417-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25417–25479, 2013

Balloon-borne match
measurements

A. Cirisan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

can be smaller than 0.01, while for small ice particles and high gas phase satura-
tion it approaches unity. ZOMM describes this in a simplified way relating α to the
water saturation ratio directly over the ice surface S = psurf

w /4pice
w : for small |S − 1|

growth/evaporation relies on the existence of defects (dislocations) on the ice surface,
which lead to a continuous uptake (i.e. a constant accommodation coefficient α0); for5

large | S −1 |, growth/evaporation proceeds by two-dimensional nucleation of new sta-
ble nuclei on the ice surface. This is modeled by classical nucleation theory: the Gibbs
energy of 2D-disk of a monolayer with radius r on the ice surface is given by

G =
πr2

A1
kT lnS +2πrΓ, (4)

where A1 is a cross section of H2O molecules, k is Boltzmann constant, T is tempera-10

ture, S is the saturation ratio microscopically above the ice surface, which may deviate
from the ambient relative humidity RHice (see below), and Γ is the step energy per unit
length.

The formation energy of the 2-D-disk with critical size r, Gf , can be obtained from
dG/dr = 0, resulting in15

Gf =
πA1Γ

2

kT lnS
. (5)

The saturation ratio microscopically above the ice surface S can be derived from con-
siderations regarding the H2O molecule flux to/from the ice particle. When Nw is the
number of H2O molecules diffusing to an ice crystal with radius a, this flux can be either
described by the gas phase diffusion equation (Pruppacher and Klett, 1997)20

dNw

dt
= 4πa

Dw

1+ 4Dw
αaν

nvap(RHice −1), (6)
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which takes account of the diffusion impedance in the gas volume, or by the Knudson
diffusion

dNw

dt
= 4πa2

ανnvap(S −1)

4
, (7)

which accounts for the surface impedance related to mass accommodation. Here, Dw is
the gas phase diffusion coefficient of water molecules in air, α is the mass accommoda-5

tion coefficient of H2O on ice surface, ν the thermal mean velocity of water molecules,
and nvap is the equilibrium H2O vapor concentration over ice surface.

From equating Eqs. (6) and (7), the saturation ratio above the ice surface S is given
by

S = (1+bRHice)/ (1+b), (8)10

where b = 4Dw / (αaν) describes the reduction of the super- or subsaturation from
far away to the particle surface due to gas diffusive volume impedance. Equation (8)
describes the reduction of |RHice −1 | to | S −1 | due to the impedance on ice surface
by gas phase diffusion.

The nucleation rate coefficient is then calculated as15

j =
kT
h

exp[−
∆Fdiff(T )

kT
]×nw exp[−

∆Gf (T )

kT
], (9)

where Fdiff is the diffusion activation energy on the surface and nw is the area number
density of water molecules on an ice surface.

Finally, the number of surface layers nucleating within a time interval by surface
nucleation depends on the surface area of the crystal plane, A (=a2), the time required20

to fill the layer via gas phase diffusion, τml, and the nucleation rate coefficient, j. From
this the mass accommodation coefficient is approximated by the following equation

α = 1−exp(−Ajτml −α0), (10)
25445
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which exhibits the correct limits (α → α0 for very small particles or small |RHice −1 |,
and α →1 for very large A or large |RHice −1 |). The above treatment of monolayer
nucleation leaves Γ, the step energy per unit length, and α0, the minimum mass ac-
commodation coefficient, as the only unknowns. These are determined by fitting to
data of laboratory experiments. Here we use the ice particle growth measurements for5

the cirrus regime performed by Magee et al. (2006), because they determined partic-
ularly low accommodations with α < 0.01. With this choice, maximum effects on the
calculated cirrus cloud properties are expected. The resulting dependence of α on the
ambient relative humidity RHice is depicted in Fig. 13, showing that larger particle sizes
have indeed smaller α in the nucleation regime. As the ice crystals grow to larger sizes,10

α decreases because the gas diffusion impedance diminishes the super- or subsatura-
tion directly above the crystal surface, | S−1 |, in comparison to the ambient |RHice−1 |.

Despite the fact that our approach here assumes α to deviate considerably from
values around unity, the consequences for the modeled BSR of the Payerne and Zurich
soundings are moderate, as the results in Table 3 show. The calculations for Table 3 are15

similar to Table 2, just replacing α=1 by α= f(RH). Compared to Table 2, the reduction
in α leads to reduced sensitivity of the ice particles against evaporation in the warming
phase and thus to a general increase of BSR, and thus M in Table 3. The “all sky”
scenario listed in Table 3 is identical to Fig. 12a, e.

4.5.3 Heterogeneous nucleation of ice20

We finally investigated how the existence of a small number of heterogeneous ice
nuclei influences the cirrus formation, and whether the expected effects improve the
model-measurement agreement. ZOMM has been used previously for heterogeneous
ice nucleation in the immersion mode, see Engel et al. (2013), and we closely follow
their treatment. From classical nucleation theory (Pruppacher and Klett, 1997), the25

heterogeneous rate coefficient Jhet for ice nucleation (units of cm−2 s−1) is formulated
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as

jhet(T ) =
kT
h

exp[−
∆Fdiff(T )

kT
]×nw exp[−

∆Gf (T )fhet

kT
] (11)

where k is the Boltzmann and h the Planck constant, and nw is the number den-
sity of water molecules at the interface between water and the ice nucleus (taken
as 1015 cm−2). The diffusion activation energy ∆Fdiff and the Gibbs free energy ∆Gf5

are parameterized according to Zobrist et al. (2007) and references therein. The ice
saturation ratio S in the liquid enters into the calculation of ∆Gf and is defined for im-
mersion freezing as S = pliq

w (T )/pice
w (T ). Vapour pressures of liquid water and ice are

calculated following Murphy and Koop (2005). The compatibility function, Fhet <1, dis-
criminates homogeneous and heterogeneous nucleation, as it describes the reduction10

of the energy barrier ∆ Gf , which needs to be overcome to form a critical ice embryo:

fhet =
1
4

(2+ cosγ)(1− cosγ)2 (12)

The contact angle γ between the ice embryo and the ice nucleus can vary from 0◦ to
180◦, which for small contact angles results in nucleation starting as soon as the vapour
is saturated, whereas for large contact angles heterogeneous nucleation is not much15

favoured over homogeneous nucleation. Similar to Engel et al. (2013) we will utilize a
parameterization for ice nucleation on mineral dust (Arizona Test Dust, ATD) obtained
by Marcolli et al. (2007) from freezing experiments. They observed heterogeneous nu-
cleation over a broad temperature range, and concluded that the ability to nucleate ice
varies between different ATD particles, leading to the following “active sites” occurrence20

probability:

Pas = 10−5deg−1 ×exp(
−51◦

γ −46◦ ). (13)

Active sites are surface inhomogeneities such as steps or cavities, or chemical or elec-
trical inhomogeneities, which are assumed to initiate ice nucleation (Pruppacher and
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Klett, 1997). Following Marcolli et al. (2007), the mean area of an active site is set to
Aas =10 nm2. Even though a single particle may carry several active sites, the best
active site with the smallest contact angle γ is dominant and this one is treated by the
model. The occurrence probability of active sites decreases with decreasing γ, i.e. the
better the site the rarer it is. The number density of foreign nuclei (e.g., mineral dust),5

containing at least one active site with a minimum contact angle γ (i.e. the number of
foreign nuclei in one particular contact angle bin), is then given by

nγ =

nforeign −
γ−1◦∑
γ′−47◦

n′
γ

×Pas(γ)×
4πr2

foreign

A1
, (14)

from which we obtain an equivalent volume-based nucleation rate of

Jvol(T ) =
180◦∑
γ−47◦

nγ × Jhet(T ,γ)×A1. (15)10

The only unknown in this formulation is nforeign, the overall number density of hetero-

geneous ice nuclei. Here we adopted the canonical value of 10 L−1 by DeMott et al.
(2003). Table 4 lists two heterogeneous scenarios in comparison with other scenarios.

4.5.4 Comparison of cirrus formation mechanisms

In the preceding subsections we summarized a number of mechanisms possibly in-15

volved in the formation and maintenance of the cirrus clouds observed in the match
flights from Payerne and Zurich on 8 June 2010:

1. homogeneous ice nucleation supported by small-scale temperature fluctuations
(dT /dt)ss,

2. impeded particle growth/evaporation, e.g. the humidity dependent mass accom-20

modation α= f(RH)�1,
25448
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3. heterogeneous nucleation on a few potent ice nuclei (e.g., nIN= 10 L−1).

In addition to these major processes we also investigated the effect of using either
diabatic or adiabatic trajectories (latent heat-corrected), which has a minor impact on
the modeled clouds. A total of 264 column model calculations have been performed
for the following scenarios: (clear or cloudy or “all sky”) × (diabatic or adiabatic) ×5

(α=1 or f (RH))× (nIN =0 or 10 L−1)=3×2×2×2=24 scenarios and for each of these
scenarios applying 10 random fluctuation distributions plus one without fluctuations.

In addition to comparing with the “best” fluctuation member we also calculated the
median and mean values of all 10 trajectories in a scenario for each altitude (not
shown). As mentioned in Sect. 4.5.1, we applied fluctuations (dT /dt)ss with the same10

phase for all altitudes. While this procedure is simple, it exaggerates the vertical dy-
namical coupling within an air column. We have not tried to apply a more realistic
approach in our calculations, but using median or mean helps to avoid outliers at cer-
tain altitudes which, even though possible, are not very likely. The conclusions drawn
from median and mean results do not differ much from the results shown in Tables 2–4,15

and are therefore not shown. In comparison with the single fluctuation results, median
and mean results are smoother. Besides this advantage, showing the median instead
of a single fluctuation case may also have drawbacks, as a comparison between the
median results and second and third columns in Table 4 reveals: while the single case
manages to develop the cloud gap (albeit at slightly too low altitude), the median does20

not. This comparison again highlights the care needed when interpreting results from
an ensemble calculation: the exact nature of (dT /dt)ss in shaping the resulting cloud
field is essential, highlighting the requirement of taking a probabilistic approach and
then average, but a single member may be the best description of reality.

The synopsis of Tables 2–4 listing the metric M =
∫

dz ln BSRmod /
∫

dz ln BSRmeas−125

(see Eq. 3) allows to assess the ability of the various scenarios to represent the ob-
served backscatter ratios (BSR). The major conclusions are:
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1. The introduction of small-scale temperature fluctuations (dT /dt)ss is the domi-
nant factor to reach better compliance of the cloud model with the observations
improving the cloud modeling beyond using trajectories directly from the regional
weather forecast model COSMO-7 (compare first column of Table 2 with other
columns of the same table).5

2. A further moderate improvement can be achieved with additional micro-
physical assumptions such as assuming a surface impedance limiting the
growth/evaporation of the ice particles (α= f(RH)�1, see Table 3) or the pres-
ence of heterogeneous nucleation on a few potent ice nuclei (nIN =10 L−1, see last
two columns of Table 4). A combination of these effects did not lead to a further10

improvement.

3. Changes induced by the microphysical assumptions are of the same magnitude
as changes induced by different assumptions for (dT /dt)ss, e.g. when using
cloudy instead “all sky” conditions (compare last two columns of Tables 2 and
3).15

Moreover, introducing α= f(RH) �1 and/or heterogeneous nucleation on a few potent
ice nuclei nIN= 10 L−1 without implementing small-scale temperature fluctuations does
not lead to any significant improvement in the simulation of BSR (not shown). Even
though both – small α and finite nIN – may lead to enhancements of RHice in the nu-
cleation phase of the cirrus clouds, these effects are too weak to cause a significant20

improvement (and assuming the presence of ice nuclei leads even to a slightly larger
mismatch).

These conclusions are not changed either by the uncertainty in the ice particle shape
(aspect ratio), which may lead to at most a factor of 2 change in BSR (see Sect. 3.5).
That the factor of 2 does not represent a large change is visually clear from Fig. 12a,e25

where a factor of 2 results in a minor shift of the black lines. We have recalculated
Table 4 for these conditions and find the above conclusions confirmed. Specifically,
for BSRmod −→ 0.5×BSRmod the introduction of fluctuations keeps being the leading
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factor and microphysical details may possibly lead to some further improvement. For
BSRmod −→ 2×BSRmod the introduction of fluctuations leads already to a very good
agreement with the measurements, and then changes in α or nIN only worsen the
result.

4.5.5 Comparison of measured and modeled relative humidity5

So far we have not paid much attention to the modeled RHice. As mentioned above,
different from backscatter, RHice is directly sensitive to the (dT /dt)ss at the position of
the measurement. However, it is worth noting that the model yields reasonable agree-
ment with RHice for the Payerne sounding, see Figs. 10b and 12b, but fails to explain
the supersaturation measured by the Zurich sonde, see Fig. 10f and 12f. We refrain10

from showing the full spectrum of the results all the other model runs because they are
all similar to Figs. 12b, f. Hence, the inability of the model to reproduce the supersatu-
rations observed above Zurich does not depend on the particular choice of fluctuation
or microphysical scenario.

The supersaturation observed by the Zurich sonde is perplexing also in view of the15

fact that the air masses are in a general warming phase. The Meteosat cloud images
confirm the evaporation of clouds, and also the COSMO-based trajectories in Fig. 8
suggest a warming by about 2 K in the upper part of the cirrus cloud, which starts about
1 h before the air arrives over Zurich. Under these circumstances a slight subsaturation
is expected, but not a supersaturation.20

Two explanation remain possible: either there is an unknown mechanism, e.g. a sur-
face impedance being as high as observed by Magee et al. (2006), with mass accom-
modation coefficients α≤10−4, which hinders the water in being absorbed and bound
by the ice particles present in the same volume. Laboratory experiments have shown
α <0.1 (Pratte et al., 2006; Magee et al., 2006), which has been interpreted as collid-25

ing water molecules being trapped in a precursor state (Sadtchenko et al., 2004) on
the ice surface and desorbing before being incorporated into the lattice. This inability
of the surface to bind the water molecules has been related to surface disorder, which
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begins to develop on the topmost layers of ice at temperatures above 180 K, and thus
ice surfaces are potentially disordered under all conditions prevailing atmospheric con-
ditions. However, the effect of this surface disorder on the water accommodation is not
currently known (Bartels-Rausch et al., 2012). Still, surface impedances correspond-
ing to mass accommodation coefficients α≤10−4 should have been detected in the5

laboratory, because under such extreme conditions the uptake even by macroscopic
ice surfaces (r∼1 mm) starts to display more than a doubling of characteristic uptake
times. Moreover, very recently the accommodation coefficient has been reported to be
>0.1 at temperatures between 190 and 235 K (Skrotzki, 2012), which fully covers the
cirrus clouds discussed here, and it is speculated whether some of the water vapour in10

the experiments by Magee and co-workers might possibly have deposited on the walls
of the measurement cell.

In order to test the impact of very low α, we ran one case with α=10−4. Interestingly,
this run does not show any improvement in RHice over Zurich (except in the upper-
most 500 m of the cloud). Reason is a subtle compensation of effects: while α=10−4

15

impedes the uptake of H2O from the gas phase, this leads to the formation of higher
ice crystal number densities during phases of new particle nucleation. This, in turn,
enhances the ice surface area density, which in terms of uptake kinetics largely com-
pensates the reduced mass accommodation coefficient.

The alternative explanation is that the SnowWhite measurement of the Zurich sonde20

is erroneous. We consider this second explanation by far more likely. Either there could
be an error in the SnowWhite frost point measurement corresponding to a water vapor
mixing ratio 15–30 % too high, or the sensor measuring the ambient temperature made
an error of 1–2 K (because the vapour pressure of ice changes by ∼15 % per degree
temperature change). Both the frost point mirror and the air temperature are mea-25

sured using a copper-constantan thermocouple (manufactured by Meteolabor) and the
measurement uncertainty (one-standard-deviation error) for the temperature sensors
is ±0.2 K according to the manufacturer. The temperature difference between the two
sensors is even more precise as the sonde internal temperature reference is the same
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for both. Fortunately, there is a second independent constantan-copper thermocouple
measuring temperature, with the purpose to correct the HC-2 Humicap located close
to it inside the styrofoam flow channel. We compared the temperature measure by the
main sensor with that of the additional sensor and found both sensors to agree within
±0.1 K all the way from the ground to the tropopause. As it would be a large coin-5

cidence that both sensors had the same calibration error, the hypothesis of a wrong
temperature measurement can be abandoned. It is much more likely that there is a
problem in the water vapour measurement. We know that the conditions on the 8 June
2010 were adverse, because the sonde had to transit a 2-km thick mixed phase cloud
before reaching the cirrus level and because of the slightly rainy ground conditions.10

The following is speculative, but very likely: The SnowWhite inlet has a baffle, which
is intended to keep stray light and hydrometeors away from the chilled mirror. However,
if a supercooled precipitation drop falling out of the mixed phase cloud were to hit
the baffle, it would immediately freeze. The household data of the sonde show that
the housing of the instrument (and hence the baffle) during that particular flight was15

4 K warmer than ambient in the altitude range 8–15 km. Reason is that the housing
is heated by the Peltier element warm side, and even more so by an ohmic heating,
which switches on under conditions of supersaturation in order to avoid condensation
within the flume. The assumed ice particle would then evaporate slowly and moisten
the incoming air flow. Assuming that the ambient gas phase is in equilibrium with ice20

and the apparent supersaturation of 30 % is due to evaporation of a frozen droplet on
the baffle, we estimate from a simple mass balance the droplet size to be of the order of
1 mm in order to supply the air stream with ∆RHice =+30 % for the whole time needed
to traverse the cirrus layer. A phenomenon that might be taken as argument against
this explanation is that SnowWhite does show a steep gradient when passing from the25

troposphere into the stratosphere (Fig. 5b), as it would be a strange coincidence if the
frozen droplet would evaporate exactly at the tropopause. However, at the tropopause
the controller switches the ohmic heating off (the household data even show that the
housing becomes colder than ambient), and therefore the forced evaporation of the
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frozen droplet becomes suppressed in the same moment when ambient conditions
become dry. Alternatively, already in the boundary layer a rain drop (several millimetre)
may have collided with the baffle, slowly evaporating all the way to the tropopause. In
Payerne ground conditions were dry, so this may explain the difference between both
stations.5

Although we do not know exactly what really happened, this explanation is unfortu-
nately very likely. This finding is significant and questions the accuracy of this and all
similar humidity measurements. It calls for in-flight checks or calibrations of hygrom-
eters under the extreme humidity conditions in the upper troposphere or at least for
critical design reviews to avoid contamination.10

5 Conclusions

The occurrence of cirrus clouds and dehydration by sedimenting ice particles deter-
mine the water vapour budget and the radiative balance in the upper troposphere. To
improve our understanding of the time evolution and life cycle of cirrus clouds in mid-
latitudes, we introduce a cloud tracing or “match technique”. A Lagrangian measure-15

ment with one fixed and one mobile radiosonde station, supported by a comprehensive
microphysical modeling approach, enables us to analyze changes in an air mass oc-
curring within 1–3 h in particle backscatter and relative humidity with respect to ice.
This allows determining the occurrence and evolution of ice supersaturation inside and
around mid-latitude cirrus. Here we present the first results of match flights performed20

on 8 June 2010 over Switzerland. A comparison of measured and modeled values
reveals that:

1. The underlying regional weather forecast model COSMO-7 data show a timing
error of a passing warming phase by about 30 min, which needs to be corrected
in order to understand the cloud measurements.25
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2. Even with the correction of the warming phase error, the trajectories derived di-
rectly from the COSMO-7 wind fields are not suited for the cloud modeling, but
underestimate the logarithm of the observed cirrus backscatter by 50–80 %

3. Changes in microphysical properties of the clouds are not suited to lead to a
significant improvement of the cloud modeling.5

4. Rather, the superposition of small-scale temperature fluctuations not resolved by
COSMO-7 is required to improve the model such that it represents the logarithm
of the observed cirrus backscatter to within 10-30 %

5. Only with temperature fluctuations superposed, a further moderate improvement
can be achieved with additional microphysical assumptions such as a surface10

impedance limiting the growth/evaporation of the ice particles or the presence of
heterogeneous nucleation on a few potent ice nuclei. With these assumptions the
model can represent the logarithm of the observed cirrus backscatter to better
than 10 %.

6. However, changes induced by the additional microphysical assumptions are of15

the same magnitude as changes induced by assumptions for temperature fluctu-
ations referring to different meteorological conditions (clear sky, clouds sky, or “all
sky”). Therefore, microphysical details cannot easily be retrieved from backscatter
measurements, even when applied within the “match” technique.

7. The measured relative humidity can be successfully modeled for one of the two20

soundings, which shows RHice =80–120 %. However, the second sounding with
RHice =120–140 % cannot be modeled, irrespective of the scenario chosen. This
suggests an erroneous RHice measurement, most likely due to a contamination
by a rain droplet having impacted on the baffle or instrument housing of the chilled
mirror hygrometer.25
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Follow-up investigations are highly desirable, including matches with more favorable
wind shear conditions and also studies with cloud-resolving 2-D or 3-D models to fully
capitalize on the “match” measurement technique.
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Table 1. Performed match flights by date and downstream launch location. Closest match dis-
tance and closest match altitude for each flight calculated from balloon GPS positions and
trajectories based on NWP analysis data (n/a= loss of GPS signal or sonde transmission).

date latitude longitude match distance altitude
[◦ N] [◦ E] [km] [km]

06.07.2009 47.379 8.549 3.4 9.3
19.11.2009 47.227 8.329 15.6 10.3
16.02.2010 47.379 8.549 5.7 6.0
29.03.2010 47.482 7.837 n/a n/a
29.04.2010 47.467 7.819 5.5 7.1
08.06.2010 47.453 7.988 1.7 9.4
21.09.2010 47.222 8.594 n/a n/a
22.10.2010 46.953 8.449 25.0 6.0
25.08.2011 47.435 7.658 n/a n/a
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Table 2. Relative error (in %) given by M in Eq. (3) between backscatter measurement and
model results for the run with the best fluctuation member using the clear, cloudy or “all sky”
scenarios. Microphysical conditions are unity mass accommodation coefficient (α=1) and the
absence of ice nuclei (nIN=0).

COSMO COSMO with superimposed fluct.
without fluct. clear sky cloudy sky “all sky”

Payerne −51 −15 0 −21
Zurich −76 −17 −9 −31
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Table 3. Relative error (in %) given by M in Eq. (3) between backscatter measurement and
model results for the runs with the best fluctuation member with mass accommodation coeffi-
cient α= f(RH) and the scenarios for clear, cloudy or “all sky”. Model runs assume the absence
of ice nuclei (nIN=0). The rightmost column corresponds to the scenario shown in Fig. 12a, e.

COSMO COSMO with superimposed fluct.
without fluct. clear sky cloudy sky “all sky”

Payerne −51 +8 +8 +5
Zurich −76 −7 −8 +2
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Table 4. Relative error (in %) given by M in Eq. (3) between backscatter measurement and
model results for the runs with the best fluctuation member for the “all sky” scenario. Two values
of the mass accommodation coefficient (α=1 and f(RH)) and two values for heterogeneous ice
nuclei (nIN =0 and 10 L−1) are indicated.

COSMO COSMO with superimposed “all sky” fluctuations
without fluct. α=1 α= f(RH) α=1 α= f(RH)
α=1, IN=0 IN=0 IN=0 IN=10 L−1 IN=10 L−1

Payerne −51 −21 +5 +1 −12
Zurich −76 −31 +2 −8 −8
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Fig. 1. Schematic representation of match procedure. (1) Calculate balloon ascent trajectory
from Payerne. (2) Determine the direction of 15 air parcel forward trajectories, starting at points
in the cirrus region represented here by three colored horizontal arrows. (3) Calculate backward
balloon tracks in the vicinity of the downstream location (close to Zurich) associated with each
of the air parcel trajectories. (4) Calculate balloon ascent trajectories from each of the locations
in the vicinity of Zurich to estimate the match quality at higher levels (Engel, 2009).
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Fig. 2. Colour diagram depicting aerosol backscatter at 870 nm calculated by means of the
T-matrix method (Mishchenko, 1991) for spheroids as function of aspect ratio A and equivalent
sphere radius r. The figure assumes 1 ppmv of H2O condensed in the ice phase. Results
for other condensed phase mixing ratios can be obtained by linear scaling. Thick white line:
A=0.75 assumed here. Thin white lines: ±20 % deviations.
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Fig. 3. (a) Ensemble of trajectories calculated with the COSMO-7 analysis fields backward and
forward in time calculated by LAGRANTO from the track of the balloon started from Payerne
(8 June 2010, 20:04 UTC), showing the evolution from 20 h upstream to 4 h downstream of
Payerne. (b) Air parcel trajectories for different altitude levels calculated using COSMO-2 anal-
ysis in combination with the GPS data of the balloon ascent in Payerne. Red dot shows the
downstream launch site (47.46◦ N, 7.99◦ E) fitting the trajectory at 9.4 km altitude that gives the
best match distance (about 1.5 h downstream of Payerne) presented with a red cross (47.57◦ N,
8.15◦ E).
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Fig. 4. Match distances between air parcel and the balloon trajectories based on different data
sets. Forward trajectories are computed with COSMO-2 forecast (FC) and analysis (AN), re-
spectively, at the same potential temperature level and point in time.
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Fig. 5. Soundings on 8 June 2010 launched from Payerne at 20:04 UTC (left) and from the
vicinity of Zurich at 21:28 UTC (right). Thick black line: temperature profile. Red: measured
backscatter ratio at 870 nm wavelength. Cyan: RHice calculated from SnowWhite frost/dew point
measurement by assuming solid condensate on the SnowWhite mirror above 7 km and liquid
condensate below 7 km. Magenta: RHliq calculated from SnowWhite dew point measurement.
Thin dashed dark and light blue line: RHice and RHliq, respectively, measured by HC2 Humicap
capacitive polymer sensor. Note that the apparent supersaturation with respect to liquid water in
the boundary layer suggested by SnowWhite is caused by partial evaporation of hydrometeors,
while they enter the heated instrument inlet (see text).
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Fig. 6. Equivalent potential temperature profile θeq calculated from Payerne and Zurich sound-
ings showing the presence of potentially unstable layers indicative of convective activity.
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Fig. 7. Validation of COSMO-7 analysis data with the sonde measurements over Payerne (up-
per row) and Zurich (lower row) along the balloon track (green points) or half an hour up-
stream (black points): (a) and (e) temperature difference between COSMO and measured
data; (b) and (f) percentage difference between model and measurement in water mixing ratio
(χw,mod − χw meas) / χw,meas; (c) and (g) relative humidity with respect to ice RHice obtained from
the measurement data (blue) and COSMO data (black and green); (d) and (h) same for the
ice water content (IWC) with blue bars showing uncertainty range in IWC estimated from the
COBALD data.
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Fig. 8. Temperature in ◦C of ensemble of trajectories calculated from COSMO-7 analysis fields
backward and forward in time starting from the flight track of the balloon launched at Payerne
(Switzerland) using the LAGRANTO-based balloon trajectory model. Colour coding is identical
to that in Fig. 3. Balloon flight tracks from Payerne and Zurich shown as left and right green
line, respectively. Black lines show both balloon paths displaced by 30 min (see text).
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Fig. 9. Detailed microphysics runs with column spectral model based on the original COSMO-
7 analysis fields.(a) Relative humidity with respect to ice; (b) ice crystal number density; (c)
ice mixing ratio (defined as number of water molecules condensed in ice per number of air
molecules) and (d) aerosol backscatter ratio (870 nm wavelength). Green lines: flight tracks of
balloons launched from Payerne (“PA”) and Zurich (“ZU”). Black lines: positions shifted by half
hour upstream (to compensate for a COSMO warming phase error). In (d), BSR <5 indicate
aerosols with various amounts of H2O uptake (at different relative humidities), 5<BSR ≤ 100
are cirrus clouds, and deep read color indicates mixed phase clouds.
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Fig. 10. Comparison of the measurements with the model results calculated from trajectories
in Fig. 9 based on original COSMO-7 fields at the time of measurements (green lines) and half
an hour upstream (black lines). Upper row: Payerne sounding. Lower panel: Zurich sounding.
Quantities shown: (a, e) BSR at 870 nm; (b, f) RHice; (c, g) percentage difference between
model and measurement in water mixing ratio, (χw, mod − χw,meas) / χw,meas; (d, h) difference in
temperature between model and measurement.
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Fig. 11. Detailed microphysics runs with column spectral model based on the original COSMO-
7 analysis fields with superimposed small-scale temperature fluctuations: (a) Relative humidity
with respect to ice; (b) ice crystal number density; (c) ice mixing ratio (defined as number of
water molecules condensed in ice per number of air molecules); (d) aerosol backscatter ratio
(870 nm wavelength). Green lines: flight tracks of balloons launched from Payerne (“PA”) and
Zurich (“ZU”). Black lines: positions shifted by half hour upstream (to compensate for a COSMO
warming phase error). Thin vertical stripes in RHice reveal the (dT /dt)ss superimposed on the
adiabatic trajectories based on COSMO fields. All sky conditions are assumed for the small-
scale temperature fluctuations, mass accommodation coefficient of H2O on ice is a function of
RH and no heterogeneous nucleation is assumed (see text).
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Fig. 12. Comparison of sonde measurements of BSR at 870 nm (a, (e), red lines), RHice (b, f,
blue lines), relative H2O mixing ratio (c, g) and T (d, h) in Payerne (upper row) and Zurich (lower
row) with the model results based on COSMO-7 trajectories with superimposed small-scale
temperature fluctuations (“all sky” scenario). Black lines: best fluctuation member. Gray shaded
area: results for all 10 ensemble members with randomly chosen fluctuations. Comparison is
made half an hour upstream of the exact measurement time using adiabatic trajectories with
latent heat corrections from ZOMM (see Sect. 3.5.1), and α= f (RHice) (see Sect. 3.5.2), but
no heterogeneous nucleation.
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Fig. 13. Mass accommodation coefficient as a function of saturation ratio over ice surface for
different pressures and layer thicknesses.
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