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Abstract. Advanced measurement and modelling techniques
are employed to estimate the partitioning of atmospheric wa-
ter between the gas phase and the condensed phase in and
around cirrus clouds, and thus to identify in-cloud and out-
of-cloud supersaturations with respect to ice. In November
2008 the newly developed balloon-borne backscatter sonde
COBALD (Compact Optical Backscatter and AerosoL De-
tector) was flown 14 times together with a CFH (Cryogenic
Frost point Hygrometer) from Lindenberg, Germany (52◦ N,
14◦ E). The case discussed here in detail shows two cirrus
layers with in-cloud relative humidities with respect to ice
between 50 % and 130 %. Global operational analysis data of
ECMWF (roughly 1◦ × 1◦ horizontal and 1 km vertical reso-
lution, 6-hourly stored fields) fail to represent ice water con-
tents and relative humidities. Conversely, regional COSMO-
7 forecasts (6.6 km× 6.6 km, 5-min stored fields) capture the
measured humidities and cloud positions remarkably well.
The main difference between ECMWF and COSMO data
is the resolution of small-scale vertical features responsi-
ble for cirrus formation. Nevertheless, ice water contents in
COSMO-7 are still off by factors 2–10, likely reflecting lim-
itations in COSMO’s ice phase bulk scheme. Significant im-
provements can be achieved by comprehensive size-resolved
microphysical and optical modelling along backward tra-
jectories based on COSMO-7 wind and temperature fields,
which allow accurate computation of humidities, homoge-
neous ice nucleation, resulting ice particle size distributions
and backscatter ratios at the COBALD wavelengths. How-
ever, only by superimposing small-scale temperature fluctu-
ations, which remain unresolved by the numerical weather

prediction models, can we obtain a satisfying agreement with
the observations and reconcile the measured in-cloud non-
equilibrium humidities with conventional ice cloud micro-
physics. Conversely, the model-data comparison provides no
evidence that additional changes to ice-cloud microphysics
– such as heterogeneous nucleation or changing the water
vapour accommodation coefficient on ice – are required.

1 Introduction

Water vapour is a key element in the Earth’s climate, weather
and atmospheric chemistry. Dehydration mechanisms driven
by the formation of visible and subvisible cirrus clouds, de-
termine the atmospheric water vapour budget and thus the
chemical and radiative properties of the upper troposphere
and stratosphere. Though still uncertain, the role of cirrus
clouds is of particular importance in the Earth’s climate sys-
tem due to their poorly characterized radiative properties and
microphysics (Christensen et al., 2007). Approximately 30 %
of the Earth is covered with cirrus clouds, which influence the
radiative budget by altering both the reflectivity for incoming
solar radiation and the emission of outgoing infrared radia-
tion (Joos et al., 2008). These characteristics motivate cirrus
cloud studies.

At times surprisingly high supersaturations inside and
around cirrus clouds have been measured, as if the nucle-
ation of ice particles or the uptake of water onto the ex-
isting ice surfaces were hindered (e.g., Peter et al., 2006;
Krämer et al., 2009; Jensen et al., 2008; Kahn et al., 2009;
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Murray et al. (2010); and references in these papers). Most
of these observations have been performed on board of air-
craft. However, high supersaturations in cirrus clouds have
also been found by balloon-borne sondes, e.g. during the
HIBISCUS campaign (Pommereau et al., 2011), detecting
ice particles with a balloon-borne microjoule lidar (Di Don-
francesco et al., 2006) and humidity with a diode laser spec-
trometer (Durry et al., 2006). These measurements aimed at
cirrus clouds forming in the outflow of large and persistent
subtropical convective regions (Fierli et al., 2008).

A search for similar conditions, but in the convectively
largely unperturbed midlatitude upper troposphere, was one
goal of the “Lindenberg Upper-Air Methods Intercompari-
son” (LUAMI, 2008). This campaign took place at the me-
teorological observatory at Lindenberg, Germany (52.21◦ N,
14.12◦ E). In the present case study we focus on a sounding
on 6 November 2008 with profiles of water vapour and par-
ticle backscatter measured by the Cryogenic Frost point Hy-
grometer (CFH) and the newly developed backscatter sonde
(COBALD), respectively. These data are evaluated in the
present analysis, and the COBALD-CFH tandem is shown
to be an excellent payload for cirrus measurements.

CFH provides accurate measurements at cirrus altitudes
(Vömel et al., 2007; M̈ohler et al., 2009; Thornberry et
al., 2011). One of the shortcomings of previous radiosonde
data is the lack of knowledge whether the measurements
took place in clear sky or in cirrus clouds (Spichtinger et
al., 2005a). COBALD’s application as a cloud detector pro-
vides this information, proving the backscatter sonde to be
an essential tool (Wienhold, 2011). Here we analyze the
COBALD-CFH cirrus cloud data by means of a detailed case
study. First, we use the measurements to explore the ability
of global and regional numerical weather prediction (NWP)
models to represent microphysical processes in cold, high
cirrus clouds. To this end relative humidities and ice water
contents from global ECMWF analysis data (1◦

× 1◦ spa-
tial resolution, 6-hourly stored fields, allowing for ice su-
persaturation according to Tompkins et al., 2007) and re-
gional COSMO-7 forecasts (6.6 km× 6.6 km, 5-min stored
fields; MeteoSwiss, 2012) are directly compared with the
measurements. This is an acid test for these models, given
the faint nature of the subvisible cirrus clouds (optical depths
τ < 0.03; Sassen, 2002) investigated here. Second, we apply
backward trajectories based on input wind, pressure and tem-
perature fields obtained from COSMO-7 with a time resolu-
tion of 5 minutes to force a comprehensive microphysical
box and column model (Luo et al., 2003a, b) to explore the
more detailed cloud properties.

2 Methods: Instrumentation, meteorological data and
models

This section provides technical information on the COBALD
and CFH sondes, on the model data from ECMWF analy-

ses, COSMO-7 forecast runs (Doms et al., 2011) and LA-
GRANTO, the “LAGRangian ANalysis TOol”, a trajectory
model (Wernli and Davies, 1997). Finally, the Zurich Optical
and Microphysical Model (ZOMM), a Lagrangian box and
column model (Luo et al., 2003a, b) is introduced, which is
used to describe the microphysical cirrus processes in full
size-resolution.

2.1 Backscatter sonde COBALD

COBALD is a newly developed lightweight backscatter
sonde designed to be flown on operational weather balloons.
It is based on similar principles as the Wyoming backscat-
ter sonde of Rosen and Kjome (1991), which has been used
extensively in field studies (e.g., Larsen et al., 1994; Rosen
et al., 1997; Beyerle et al., 2001). COBALD uses two high
power (250 mW) LEDs at wavelengths centred at 455 nm
(blue) and 870 nm (infrared). A silicon detector measures the
light scattered back at both wavelengths by air molecules,
aerosol particles or cloud droplets and ice crystals. The data
are analyzed based on the procedure developed by Rosen and
Kjome (1991).

The backscatter raw signal is the sum of two contribu-
tions, the molecular (or “Rayleigh”) contribution and the
additional aerosol or particulate contribution. The backscat-
ter ratio (BSR) is obtained by normalizing the raw signal to
the molecular scattering, derived from the ambient molecu-
lar number density, using the temperature and pressure mea-
sured by the pTu-sonde. Accordingly, the aerosol (or particle)
backscatter is defined asABSR= BSR– 1.

Estimated maximum uncertainties in the infrared channel
BSRare about 1.3 % or 5 % at ground level or 10 km altitude,
respectively, and about 0.2 % or 1 % at the same altitudes in
the blue channel. This renders a proper characterization of
the tropospheric background aerosol difficult. However, an
estimate ofABSRof cirrus clouds – even the very thin, sub-
visible ones – is hardly affected by these errors, yielding a
maximum error of 10 % (forABSR= 1 in the infrared chan-
nel).

2.2 Cryogenic Frost point Hygrometer (CFH)

The CFH was developed at the University of Colorado
(Vömel et al., 2007), presenting a state-of-the-art balloon-
borne measurement technology for atmospheric water
vapour. Its design is based on the older NOAA/CMDL frost
point hygrometer, with improved accuracy. Frost point hy-
grometers operate by cooling a mirror, which is controlled
with an opto-electronic feedback to maintain a constant layer
of liquid or frozen condensate. The mirror temperature corre-
sponds to the dew or frost point temperature (Tmirror=Tdewor
Tmirror = Tice) of the gas passing over the mirror depending
on the physical state of the condensate (Wiederhold, 1997).
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We calculate relative humidity with respect to ice accord-
ing to its definition:

RHice =
eice(Tmirror)

eice(Tambient)
,

whereeice (T ) is the saturation water vapour pressure over ice
at temperatureT . The functional dependence of the vapour
pressure,eice (T ), is determined from the vapour pressure
formula of Murphy and Koop (2005). The uncertainty of the
frost point measurement, including an uncertainty of 0.2◦ C
in the air temperature measurement, is approximately 0.5◦ C
(Vömel et al., 2007). A conservative estimate of the over-
all uncertainty in the relative humidity covering our altitude
range is 8 % of the reported RHice value, i.e.1RHice = ±8 %
at saturation and1RHice = ±10.4 % at the maximum satu-
ration ratio corresponding to RHice = 130 % observed on 6
November 2008 above Lindenberg.

2.3 COBALD and CFH synchronisation and response
times

COBALD and CFH were flown on the same payload, but
with different telemetry. The COBALD and CFH data sets
were both measured during ascent. The quality of their syn-
chronization was additionally checked by means of the dis-
tinct upper edge of a boundary layer fog at about 950 hPa
(Fig. 1) that both instruments measure accurately, eliminat-
ing potential telemetry differences. While COBALD has a
negligible response time, the response time of CHF may ap-
proach a few seconds under the low pressures in the upper
troposphere, but certainly remains below 10 s. Also the tem-
perature and pressure sensors may develop response times
of a few seconds, so that data should not be compared on
the 1 s or 2 s scale. Therefore, 10-s average values are used
in the present work, which take account of all possible syn-
chronization effects. This results in a vertical resolution of
the measurements of about 50 m.

2.4 Meteorological data

Fields of horizontal and vertical winds, pressures, tempera-
tures, specific humidities and ice water contents from global
operational analyses performed by the European Centre for
Medium Range Weather Forecast (ECMWF) with roughly
1◦

× 1◦ horizontal and 1 km upper tropospheric vertical res-
olution have been stored every 6 h and compared with the
sonde measurements on 6 November 2008. The ECMWF
data fail to represent the measured ice water contents and rel-
ative humidities. Insufficient spatial and temporal resolutions
are likely reasons for this deficiency.

Therefore we have also compared with regional COSMO-
7 from MeteoSwiss. COSMO-7 is based on the model
COSMO of the “COnsortium for Small-scale MOdelling”
(Doms et al., 2011). It is a non-hydrostatic limited-area
model developed for operational and research applications

Fig. 1. Profile of balloon sounding on 6 November 2008 above
Lindenberg, Germany. Blue and red lines: backscatter ratios (BSR)
at 455 nm and 870 nm wavelength, respectively, measured by
COBALD. Cyan line: relative humidity with respect to ice (RHice)
obtained from the CFH frost point measurement. Quantities shown
as function of barometric pressure and GPS-measured geometric al-
titude. The upper and lower cirrus clouds are termed “U” and “L”,
respectively.

on the meso-beta and meso-gamma scale (Steppeler et al.,
2003). The model is based on thermo-hydrodynamical equa-
tions describing compressible flow in a moist atmosphere.
The model equations are formulated in rotated geographical
coordinates and a generalized terrain following height coor-
dinate. A variety of physical processes are taken into account
by parameterization schemes (Doms et al, 2011). COSMO-
7 has 6.6 km× 6.6 km horizontal and about 0.5 km vertical
resolution in the upper troposphere. Instead of the hourly
standard output we used high resolution output every 5 min
(while the COSMO-7 internal time step is 60 s) from one
forecast (6 November 2008, 18:00 UTC) covering the region
of interest.

2.5 Trajectory calculation

Trajectories are calculated with the three dimensional LA-
GRangian ANalysis TOol (LAGRANTO), which is ex-
plained in detail by Wernli and Davies (1997). LAGRANTO
is forced by meteorological input data, e.g. from COSMO-7
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forecast wind fields. In LAGRANTO the forecast fields are
interpolated linearly in space and time using the two near-
est stored forecast fields. LAGRANTO has successfully been
used in the past to investigate cirrus cloud processes (Col-
berg et al., 2003; Fueglistaler et al., 2004; Spichtinger et al.,
2005b).

2.6 Microphysical/optical column model

We have employed the comprehensive microphysical box
model (ZOMM) along COSMO-7-based LAGRANTO tra-
jectories, in order to obtain the ice particle size distribution
(dn/dr) in full detail. The model simulates homogeneous ice
nucleation and growth/evaporation including vapour diffu-
sion and surface mass accommodation (while particle num-
ber densities are sufficiently small to render coagulation pro-
cesses unimportant). In a pure box model configuration this
model has previously been utilized for polar stratospheric
cloud simulations (Luo et al., 2003b). With stacked boxes
for the water vapour in the gas phase the model has also been
used as a column model with a full treatment of particle sed-
imentation (Luo et al., 2003a). Here we use an approxima-
tion to the latter model, which treats sedimentation on a 50-
m vertical Eulerian grid spacing. The case investigated here
is practically devoid of horizontal wind shear and is there-
fore well suited for a column approach. (Vertical wind shear
may still compromise the model results; however, the length-
to-thickness aspect ratio of the cirrus clouds is sufficiently
large to suggest quasi-uniform conditions along the cloud for
ice particles sedimenting from the upper to the lower cloud
edge.)

The particle model is Lagrangian in radius space for the
condensed phase, i.e. the model follows the freshly nucle-
ated particles and creates a new size class (i) each time there
is new ice particle nucleation. The model then transports the
ice particles of classi downstream with time-dependent ra-
diusri(t) and constant number density,ni . The model treats
the vapour phase in an Eulerian scheme, with air parcels
driven by temperature and pressure data along LAGRANTO
trajectories. Upstream of the cloud, the air parcels are stacked
in equal vertical distances of 50 m in the vertical column
(this distance may change slightly downstream due to inho-
mogeneities in the vertical air motions) between 6 km and
14 km. Also sedimentation of ice particles is treated in this
Eulerian space, allowing the particles to sediment within the
stacked column, i.e. a fraction ofni of classi is removed
according to the size-dependent sedimentation speedυi and
reinjected to the box below. The sedimenting ice particles are
then added in a mass and number conserving manner to two
neighbouring size classes if the masses of ice particles differ
by less than 20 %; otherwise, a new ice size class is created
in the lower altitude grid spacing.

The microphysical column model performs a fully kinetic
treatment of the ice particle size distribution including a par-
titioning of water between the vapour and condensed phases.

These calculations are based on the homogeneous ice nucle-
ation parameterization by Koop et al. (2000) with updated
homogeneous nucleation rate coefficient for pure water (Zo-
brist et al., 2007). Condensation/evaporation are calculated
by solving the diffusion equation (including mass accom-
modation on the ice surface), which allows a much more
detailed physical treatment than the equilibrium bulk cloud
schemes used by ECMWF or in COSMO-7. The Lagrangian
size treatment avoids “numerical diffusion”, which may lead
to artificial redistributions of particle number densities on
a fixed Eulerian size grid. The treatment of sedimentation
in the Eulerian grid space reintroduces some numerical dif-
fusion; however, the tight vertical spacing (50 m) and the
simultaneous mass and number conservation keep artefacts
small. The initial aerosol particle distribution is chosen as
lognormal with a mode radiusrm = 0.06 µm, a lognormal
width σ = 1.8 and a total number densityn = 200 cm−3, re-
flecting typical upper tropospheric aerosol size distributions
at midlatitudes. The computations are initialized at suitable
trajectory points upstream, where the underlying NWP sug-
gests the air to be cloud-free (this procedure avoids having to
initialize ice size distributions). Following Koop et al. (2000)
homogeneous ice nucleation rates are calculated from sat-
uration ratios (RH) and temperature (T ) along each trajec-
tory. Once formed, ice particles compete in uptake of water
vapour from the gas phase at the expense of the liquid, di-
luted aerosol particles, similar to the Bergeron-Findeisen ef-
fect in mixed-phase clouds (Seinfeld and Pandis, 1998). The
ice growth eventually depletes the vapour phase and relaxes
the ice supersaturation. In combination with the nucleation
scheme the diffusion limited treatment yields realistic ice
particle number densities (Hoyle et al., 2005) and size dis-
tributions depending on the cooling rates prescribed by the
trajectories, with the possibility to superimpose small-scale
temperature fluctuations, (dT/dt)ss .

Finally, an optical module uses the particle size distribu-
tions calculated by means of the microphysical model in or-
der to calculate the backscatter ratios measured by COBALD
at 455 nm (blue) and 870 nm (infrared). To this end, the
backscatter of spherical particles, such as aerosol droplets
and cloud drops, are computed in an exact manner by solv-
ing the scattering problem by means of a Mie code. As-
pherical particles, such as ice crystals, are approximated as
prolate (“cigar-like”) spheroids with aspect ratioA = a/b
(the ratio of the equatorial to polar lengths) and volume
V = 4/3π a2b, which is set equal to the volume of the ice par-
ticles calculated by the microphysical model. Calculations
were then made using a T-matrix light scattering algorithm
(Mishchenko, 1991; Carslaw et al., 1998) with a refractive
index of ice of 1.31 at 455 and 870 nm with spheroid shape.
The ice particles are clearly aspherical. We have to make an
assumption about the aspect ratio of the ice particles. Nousi-
ainen and McFarquhar (2004) found that the small ice crys-
tals with dimension< 100 µm are mostly quasi-spherical. Fu
(2007) found that the scattering properties are not sensitive
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the aspect ratio. We use a value of aspect ratioA = 0.75 as
approximation, which are not far from spherical shape. Also,
while the degree of depolarization of light scattered back by
aspherical particles depends crucially on their aspect ratio,
the COBALD backscatter ratios, with which we compare be-
low, depend only weakly on the assumed value ofA (by at
most a factor 2.5 for particles with monodisperseA ∈ [0.5,
1.5], and more likely by less than 50 % for broadA distribu-
tions).

3 Observations

On 6 November 2008 just after 00:00 UTC the COBALD-
CFH tandem was launched on a radio sonde from Lindenberg
as part of the LUAMI campaign. During this night north-
eastern Germany was covered by a 400-m thick inversion
layer with thick radiation fog, which rendered the employ-
ment of ground-based Lidars impossible. In addition to the
optically thick radiation fog layer Fig. 1 shows two high-
altitude cirrus clouds revealed by the COBALD and CFH
measurements.

The upper tropospheric weather situation during this night
is characterized by very little horizontal wind shear and
wave-induced ice nucleation a few hours upstream, making it
ideal for detailed testing of cirrus modelling. This is detailed
in Figs. A1 and A2 of Appendix A.

The particle backscatter ratios and relative humidities
RHice in Fig. 1 unambiguously reveal the two layers of sub-
visible cirrus clouds. Both cirrus layers have geometric thick-
nesses of about 600 m and optical thicknessesτ ≤0.03, i.e.,
they are “subvisible” according to the classification of Sassen
(2002). The upper cirrus, “U”, has a clearly defined lower
edge at 11 400 m and a less distinct upper edge. Inside and
just below this cloud the gas phase is saturated with respect
to ice (CFH measurements shown as cyan line), while a dis-
tinct layer extending from the upper cloud edge to roughly
500 m above the cloud reveals a supersaturation of up to
∼25 %. The lower cirrus layer, “L”, has its lower edge at
8300 m. Cloud “L” was reached at 0:36 UTC and cloud “U”
at 00:44 UTC on 6 November 2008. Also cloud “L” shows a
distinct layer with up to∼30 % supersaturation just above it
and partly overlapping with the cloud, while the lower end of
the cloud is subsaturated by∼50 % and presumably evapo-
rating rapidly.

Without the COBALD measurements, i.e. based only on
the CFH measurements, it would not be possible to deter-
mine the existence of a cloud, let alone the borders of the
two cirrus clouds. For example, it would be impossible to
reveal for cloud “L” that half of the supersaturated layer is
within the cloud and the other half above it, demonstrating
that COBALD is essential for properly localizing and ana-
lyzing cirrus.

The observed clear-sky supersaturations of 30 % are not
surprising; for example homogeneous ice nucleation requires

more than 45 % supersaturation under midlatitude upper tro-
pospheric conditions (Koop et al., 2000), and ice nuclei,
when aged and coated with organics or sulfuric acid, may
also have freezing thresholds between 130 % and the ho-
mogeneous freezing threshold. The range of RHice = 50 %–
130 % inside the lower cirrus might be more surprising at first
sight, but only detailed cloud modelling can help clarifying
whether such non-equilibrium conditions are to be expected
(see Sects. 5 and 6).

4 Analyzing COSMO-7 fields

Before comparing with COSMO-7, we have compared the
measurements in Fig. 1 with the 00:00 UTC ECMWF op-
erational analysis data above Lindenberg, Germany on 6
November 2008. However, the ECMWF analysis (including
ice supersaturation according to Tompkins et al. (2007)) fails
to generate the observed clouds or humidities: the ice water
content (IWC) is zero at any altitude at the time of the obser-
vation. The ECMWF analysis succeeds in obtaining realistic
RHice in the vicinity of the upper cloud “U”, however, with-
out triggering ice nucleation, and it completely misses the
supersaturation close to the lower cloud “L”. Backward tra-
jectories based on the 6-hourly analysis output reveal that
the air parcel ending at “L” had developed a cirrus cloud
at 12:00 UTC on 5 November (withIWC= 0.018 g/kg), i.e.
about 12 h before the sounding, but this cloud led to a too
rapid dehydration of this layer, and the ice disappeared com-
pletely from the entire air column by the time of the mea-
surement.

Figure 2 shows direct comparisons of the measurements
with the COSMO-7 forecast results. The black lines in all
four panels of Fig. 2 represent COSMO-7 forecast data above
Lindenberg, Germany on 6 November 2008. Comparisons
are shown for 00:35 (left) and 00:45 UTC (right panels), cor-
responding the encounters with “L” and “U”, respectively.
The cyan lines in the upper two panels represent RHice mea-
sured by CFH and the horizontal grey bars mark the cloud
positions as deduced from the backscatter measurements.

A difficulty arises when we want to compare the backscat-
ter ratios (BSR) measured by COBALD with the COSMO-
7 IWC, which is the only condensed phase quantity pro-
vided by the ice bulk scheme of the regional weather forecast
model. The difficulty stems from the fact that the twoBSRdo
not provide sufficient information to derive the complete size
distribution, which would in principle be required for an ex-
act derivation of theIWC. Clouds with the sameBSRat a
given wavelength can have differentIWC if they have differ-
ent particle sizes and number densities. However, as both the
IWCand aBSRare integral measures of condensed water per
volume of air, there is a robust relationship between the two,
and only a weaker dependence on the details of the size dis-
tribution. Appendix B shows that a measurement ofBSRat
870 nm within a thin high cirrus cloud constrains itsIWC to
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Fig. 2. RHice and IWC profiles of COSMO-7 forecast data (black lines) above Lindenberg on 6 November 2008. Left: sounding of lower
cloud at 00:35 UTC. Right: sounding of upper cloud at 00:45 UTC. Cyan line: RHice profile measured by CFH. Grey horizontal bars: altitude
ranges of the detected clouds. Blue bars in the lower two panels:IWC estimated from COBALD data as explained in Appendix A.

within a factor of∼4. The blue points in the lower two pan-
els of Fig. 2 show the estimation of the maximumIWCwithin
the clouds based on the maximumBSRat 870 nm measured
by COBALD, and the horizontal error bars show the uncer-
tainties described above.

RHice from COSMO-7 data at 00:35 and 00:45 UTC in
Fig. 2, while unable to provide the fine filamentary structure
captured by CFH, shows general features in agreement with
the CFH measurement. In particular, COSMO-7 correctly
represents the characteristic double hump in RHice with two
layers of saturation or slight supersaturation; this is the basis
for the development of two distinct cirrus layers. However,
the modelled supersaturations do not reach the high values
shown by CFH, probably because the lack of a kinetic treat-
ment of ice particle growth empties the vapour phase too
quickly. Furthermore, the modelled RHice profile appears to
be shifted downward in comparison to the measurement, sug-
gesting that the ice particles modelled by COSMO-7 might

grow to too large sizes and therefore might sediment too
rapidly.

The IWC of the COSMO-7 fields in the lower panels of
Fig. 2 clearly display two cirrus clouds in agreement with
COBALD. However, the upper cloud “U” resides at a too low
altitude and theIWC is much too small. The underestimation
of IWC is at least a factor of 2, more likely a factor of 5
(taking the uncertainties in the derivation ofIWC from the
COBALD data into account).

5 Trajectory-based microphysical analysis without
small-scaledT /dt

As described in Sections 2.4 and 2.5 we have used the mi-
crophysical column model, driven along LAGRANTO back-
ward trajectories directly based on COSMO-7 forecast fields,
i.e. without consideration of unresolved small-scale temper-
ature fluctuations, (dT/dt)ss . Panel (a) in Fig. 3 showsBSR
at 870 nm during the last 8 h of these trajectories before
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Fig. 3.Results from the microphysical column model ZOMM on LAGRANTO trajectories driven by COSMO-7 meteorological fields (5 min
resolution) compared to measurements of backscatter ratio (BSR) at 870 nm wavelength(a, b) and relative humidity (RHice) with respect
to ice (c, d). (a, c) Colour-coded: modelledBSRand RHice. (b, d) Red curves:BSRand RHice profiles measured by COBALD and CFH,
respectively; black curves: model results att = 0 above Lindenberg (right edge of(a) and(c)). The model produces both clouds (“U” and
“L”) a few hours upstream of the measurement, but due to too rapid sedimentation fails to maintain them until the measurement time. Red
and black bars in(b) and(d) indicate the altitude ranges of the measured clouds and modelled cloud remnants, respectively.

arriving above Lindenberg (att = 0). The lower cloud “L”
forms at−6 h through homogeneous nucleation above the
Upper Tauern mountain chain (see Appendix A). In the first
few hours of lifetime of “L” theBSRreaches values of more
than 500, indicating an optically thick cirrus cloud. This is
in accordance with the satellite images (Fig. A1 att = -5 h).
At aroundt = -0.7 h the cloud has almost fully evaporated,
leaving only a small remainder in the modelledBSRprofile
(black line in panel (b) of Fig. 3), with an aerosol backscatter
ratio ABSR= BSR−1 about 5-times smaller than measured
by COBALD (red line).

The upper cloud “U” starts to form only att = -1.5 h, re-
lated to a slow upwelling of the air above the East Ger-
man flatlands. However, the ice crystals sediment much too
rapidly, and cloud “U” evaporates fully att = -0.6 h. The
high sedimentation rates are suggestive of too few, too large
ice crystals that form in the microphysical column model
along the COSMO-7-derived trajectories in the absence of
(dT/dt)ss . As a consequence, the model fails to reproduce the
upper cloud.

6 Trajectory-based microphysical analysis including
small-scaledT /dt

The results shown in Sect. 5 indicate that in order to repro-
duce the observed clouds it appears to be necessary to super-
impose small-scale temperature fluctuations, (dT/dt)ss , that
remain unresolved by the mesoscale trajectories, as has also
been suggested by Hoyle et al. (2005). In the following we

will use (dT/dt)ss based on measurements from the “Sub-
sonic Aircraft: Contrail and Cloud Effects Special Study”
(SUCCESS). The procedure is similar to that employed by
Hoyle et al. (2005). However, while these authors have su-
perimposed (dT/dt)ss directly from the SUCCESS vertical
wind measurements onto trajectories derived from ERA-40
6-hourly meteorological input fields with a coarse resolu-
tion of roughly 275 km× 275 km, we need to take into ac-
count that our COSMO-7 fields with 6.6 km× 6.6 km every
5 min (see Appendix C) have a much better resolution, so that
the larger scale fluctuations will already be included. There-
fore, we performed a Fourier analysis of the SUCCESS data
and kept only contributions to (dT/dt)ss corresponding to
wavelengths smaller than 30 km, as contributions with longer
wavelengths will likely be fully resolved on the 6.6-km grid
of COSMO-7 (assuming that 4 grid points are required to
resolve a wave-like feature). The remaining (dT/dt)ss are ap-
plied with a variance of 0.2 K2 (which corresponds a mean
amplitude of about 0.45 K) and random frequencies. Figure 4
shows one example, where the solid line represents the tem-
perature along one COSMO-7-based LAGRANTO trajectory
with the superimposed small-scale fluctuations shown as dot-
ted line. The mean temperature variance used here is 0.2 K2.
The mean temperature variance of 1.24 K2 derived by Hoyle
et al. (2005) from a total of 300 min of SUCCESS measure-
ments in cirrus clouds under background conditions (i.e. far
off orographic perturbations) is only apparently larger, as it
includes also waves with wavelengths>30 km. The mean
temperature variance for waves with wavelengths< 30 km
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Fig. 4. Solid black line: temperature along a COSMO-7-based LA-
GRANTO trajectory in about 9 km altitude (close to cloud “L”).
Dotted line: same trajectory with superimposed small-scale tem-
perature fluctuations (dT/dt)ss (random superposition). The cooling
rate spectrum has been determined from the variance (0.2 K2) and
frequencies of (dT/dt)ss with wavelengths smaller than 30 km (see
text) in agreement with the vertical wind measurements made dur-
ing the SUCCESS campaign (see Hoyle et al., 2005).

measured during the SUCCESS campaign is indeed only
0.18 K2, i.e. only about 10 % smaller than the value used in
the present study.

Figure 5 shows results obtained from the microphysical
column model driven along COSMO-7-based LAGRANTO
trajectories with superimposed small-scale temperature fluc-
tuations (see in addition Fig. B2). The left side of the figure
showsBSRand how the ice crystals persist until the time
of the measurement (panel a). This modelling approach de-
velops two cloud layers and is overall a much more accu-
rate description of the measurements than the result without
(dT/dt)ss shown in Fig. 3. However, specific discrepancies
remain. The modelled lower cloud “L” is geometrically only
half as thick as observed, but theBSRintensity is about 4
times larger at its peak (Fig. 5b). The modelled upper cloud
“U” resides at an altitude about 1 km too low, but agrees well
in intensity with the measurement.

The right side of Fig. 5 shows RHice, which does not dif-
fer much from the results in Fig. 3. Panel (c) displays the
evolution of RHice during the 8 hours before the measure-
ment. Panel (d) shows that the general features of the mod-
elled and measured RHice profiles agree reasonably, but the
modelled values are somewhat too low in the vicinity of the
upper cloud “U”. The in-cloud measurements showed that
RHice varied between 50 % and 130 %. In contrast, the mod-
elled in-cloud RHice covers only the range from 80 % to
105 %, i.e. in the model sub- and supersaturations tend to
relax too rapidly. For both clouds the profiles of RHice and
BSRare vertically displaced, i.e. theBSRmaxima are lo-
cated below the RHice maxima (or actually sit close to the

transition point of super- to subsaturation), which is likely
due to particle sedimentation. This suggests a delicate inter-
play between RHice and (dT/dt)ss : in the absence of (dT/dt)ss
ice number densities are small, particles grow to large sizes,
sediment rapidly and allow for large deviations from satu-
ration; conversely, with (dT/dt)ss ice number densities are
generally larger, particle stay smaller, sediment less rapidly
and lead to faster equilibrations of in-cloud sub- and super-
saturations. Improved agreement between model and mea-
surement might be achieved if the mass accommodation co-
efficient of the H2O molecules on the ice surface was as-
sumed to be much smaller than unity (the value used in the
present calculations) or was dependent on the degree of su-
persaturation (e.g. MacKenzie and Haynes, 1992). In order
to test the dependence of the modelled cirrus on the superim-
posed (dT/dt)ss we performed an ensemble calculation with
20 runs using the microphysical column model and apply-
ing different temperature fluctuations obtained by random
superpositions of different frequencies (but all with a vari-
ance of 0.2 K2). The results are displayed in Fig. 6 as blue
lines, while the measurements are shown as red line. In gen-
eral the 20 runs are very similar: 18 of the 20 runs produce
two fully developed cloud layers, while 2 runs show only a
marginal upper cloud (left panel), and RHice displays only
small differences between the 20 runs (right panel). How-
ever, the left panel shows also that the position and width of
the lower cloud vary in dependence on the way the tempera-
ture fluctuations are superimposed. The upper cloud is in all
20 cases too low in altitude, which is an error likely due to the
COSMO-7 cloud scheme dehydrating the air too strongly in
an upstream cloud event. Within all ensemble calculations in-
cloud RHice cover the range from 70 % to 130 %. Compared
with with the observed variation between 50 % and 130 %
this is in better agreement than the case detailed in Fig. 5, at
least concerning the supersaturation. The still too small sub-
saturation might be an indication that the ice particles, after
applying (dT/dt)ss , are slightly too small and do not sedi-
ment sufficiently fast into dryer layers of air. Nevertheless,
our measured and modelled in-cloud RHice are similar to the
in-cloud RHice measured by Kr̈amer et al. (2009) in the same
temperature range.

Furthermore, we find a median ice number density of
0.03 cm−3 for the upper cloud and 0.31 cm−3 for the lower
cloud, and for both clouds together a median of 0.20 cm−3

(see Fig. B2). Kr̈amer et al. (2009) showed the observed ice
number densities as function of temperature (their Figure 5),
with a middle value of∼0.15 cm−3 at 214 K and∼0.25 cm−3

at 230 K. The number densities obtained here are in good
agreement with those of Krämer et al., but without having to
invoke heterogeneous nucleation.

We emphasize that we performed the modelling with-
out consideration of heterogeneous nucleation, but with
(dT/dt)ss . A significant influence of heterogeneous nucle-
ation in our observations can be excluded, as otherwise the
pronounced supersaturations above the cloud layers could
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Fig. 5. Results from microphysical column model driven by COSMO-7-based LAGRANTO trajectories with superimposed small-scale
temperature fluctuations (dT/dt)ss compared to measurements of backscatter ratio (BSR) at 870 nm wavelength(a, b) and relative humidity
(RHice) with respect to ice(c, d). (a, c) Colour-coded: modelledBSRand RHice. (b, d) Red curves:BSRand RHice profiles measured by
COBALD and CFH, respectively; black curves: model results att = 0 above Lindenberg (right edge of(a) and(c)). The model produces both
clouds (“U” and “L”) a few hours upstream of the measurement, and due to (dT/dt)ss forms sufficiently small ice particles, which survive
until the measurement time. Red and black bars in(b) and(d) indicate the altitude ranges of the measured and modelled clouds, respectively.

Fig. 6.Ensemble of 20 microphysical column model runs (blue) with superimposed small-scale fluctuations compared with the measurements
(red). The left panel showsBSR870 and the right RHice.

hardly survive (cp. Jensen et al., 2008). On the other hand
we cannot fully exclude the presence of a few ice nuclei,
which might have led to some limited formation of ice crys-
tals before reaching the homogeneous nucleation threshold.
Heterogeneous nucleation on a few ice nuclei leads generally
to a reduction innice compared to having only homogeneous
nucleation, since the few heterogeneously nucleating parti-
cles absorb disproportionately much water and leave less for
the subsequent homogeneous nucleation (termed “negative

Twomey effect” by K̈archer and Lohmann (2003); see also
Hoyle et al. (2005); Spichtinger and Cziczo (2010)). Het-
erogeneous nucleation would therefore counteract the effect
of (dT/dt)ss . Choosing the variance of (dT/dt)ss somewhat
larger than 0.2 K2 could largely compensate the effect of
heterogeneous nucleation with respect tonice. Clearly, with
(dT/dt)ss not being sufficiently constrained, we see no need
to introduce heterogeneous nucleation of ice (in contrast to
Krämer et al.).
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Finally, we analyzed the profiles at slightly displaced ge-
ographical positions. The evolution ofBSR in Fig. 5 sug-
gests that both clouds underwent evaporation during the mea-
surement. Therefore we checked whether COSMO-7 simply
displaced the profiles and captured the situation shifted by
30 km to the north, east, south or west of Lindenberg. This
analysis (not shown here) reveals that the upper cloud varies
somewhat in altitude (by less than 1 km) depending on the
geographical position. This is an indication for waves in this
region, as is also depicted in Fig. A2. Indeed, the model pro-
vides better agreement with the measurements when evalu-
ated at 30 km south of Lindenberg (i.e. upstream), whereas
the balloon drifted northward.

7 Summary and conclusion

This work has analyzed balloon-borne sonde measurements
of two cirrus layers above Lindenberg, Germany, on 6
November 2008. The newly developed backscatter sonde
COBALD and the frost point hygrometer CFH were used as
part of the field campaign during the “Lindenberg Upper-Air
Methods Intercomparison” (LUAMI). The COBALD-CFH
tandem is shown to be an excellent combination to estimate
the partitioning of atmospheric water between the gas phase
and the condensed ice phase in and around cirrus clouds, and
thus to detect in-cloud and out-of-cloud supersaturation with
respect to ice. In-cloud measurements showed that RHice var-
ied from 50 % to 130 %, with supersaturations occurring at
the cloud upper edges, and subsaturation at the cloud lower
edges, reflecting the regions of fresh nucleation and particle
evaporation in fall streaks, respectively. Aircraft-borne mea-
surements have shown a similar range of RHice in the 210–
230 K temperature regime (Krämer et al., 2009), therefore
suggesting the absence of platform-specific biases.

In contrast to the too coarsely resolved ECMWF analysis
data, COSMO-7 forecast fields (6.6 km× 6.6 km, 5 min reso-
lution, Appendix C) show good agreement with the observa-
tions, though the cloud altitude and thus the profile of the ice
water content are not captured accurately. Also, COSMO-
7 shows generally smaller in-cloud and out-of-cloud su-
persaturations than were observed by CFH. Agreement can
be improved by using comprehensive microphysical cloud
model calculations along LAGRANTO trajectories based
on COSMO-7 wind and temperature fields allow humidity,
ice particle size, number density and backscatter ratios to
be determined much more accurately than the COSMO-7
cloud scheme. However, satisfying agreement with the mea-
surements can only be obtained after superimposing small-
scale temperature fluctuations, (dT/dt)ss , onto the COSMO-
7-based trajectories. In an ensemble model-calculation of 20
runs with randomly superimposed small-scale temperature
fluctuations (dT/dt)ss in-cloud supersaturations of up to 30 %
are reached, which is in agreement with the measurements.
In summary, the present study, although providing observa-

31 

 1 

 2 

Figure A1. Cloud images from the Meteosat satellite at four different times (Eumetsat, 2012).  3 

White lines: projections of the trajectories ending in the upper ‘U’ and lower ‘L’ cloud at 0:45 4 
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Fig. A1. Cloud images from the Meteosat satellite at four different
times (Eumetsat, 2012). White lines: projections of the trajectories
ending in the upper “U” and lower “L” cloud at 00:45 UTC. White
circles: respective positions of air parcels 7 h, 5 h and 3 h upstream.
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Figure A2.  Field of COSMO-7-based LAGRANTO trajectories highlighting the two 2 

trajectories ending in the lower cloud ‘L’ (red) and upper cloud ‘U’ (green).  Left panel: 3 

trajectory pressure vs. time.  Right panel: trajectory pressure vs. latitude.  Waves are caused 4 

by the main chain of the Alps located around 47°N (indicated by vertical lines). 5 

6 

Fig. A2. Field of COSMO-7-based LAGRANTO trajectories high-
lighting the two trajectories ending in the lower cloud “L” (red) and
upper cloud “U” (green). Left panel: trajectory pressure vs. time.
Right panel: trajectory pressure vs. latitude. Waves are caused by
the main chain of the Alps located around 47◦ N (indicated by ver-
tical lines).

tional evidence for high in-cloud supersaturation, does not
require heterogeneous nucleation, nor does it call for other,
less well explored physical mechanisms to explain the appar-
ent supersaturation.

Appendix A

Upper tropospheric weather on 6 November 2008

Figure A1 shows cloud images from the Meteosat-9 satel-
lite at four different times during the night of 5–6 Novem-
ber 2008. The selected channel is the Thermal Infrared,
IR 10.8 µm. The gray scale visualises temperatures. Bright
regions indicate cold clouds, e.g. convective systems or
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outflows thereof. Conversely, very dark regions indicate clear
sky. Grey tones indicate low-level clouds or fog. Fine differ-
ences in grey shading over northeastern Germany and west-
ern Poland suggest banks of low-level clouds or fog, such as
the 400-m thick radiative fog layer prevailing in Lindenberg
during this night. In contrast, the subvisible cirrus clouds
measured by COBALD around 8.5 and 11.9 km remain un-
detectable for Meteosat. The white lines superimposed on the
Meteosat images are projections of the two COSMO-7-based
LAGRANTO trajectories ending in the lower and upper sub-
visible cirrus, “L” and “U”, at 00:35 and 00:45 UTC, respec-
tively. The white circles indicate the respective positions of
air parcels at−7 h,−5 h and−3 h upstream, eventually arriv-
ing at “U” and “L” over Lindenberg. The absence of bright
features in the vicinity of the air parcel positions suggests
that the air has not been directly affected by convective out-
flow, rather has been subject to wave-driven cooling when
the air is passing across the main chain of the Alps. The sim-
ilar development of the two trajectories shows the absence of
horizontal wind shear.

Figure A2 shows an altitude-resolved array of COSMO-7-
based LAGRANTO backward trajectories ending at the bal-
loon flight path at timet = 0 (around 52.2◦ N). The two tra-
jectories marked in red and green depict the air parcel paths
ending in the lower cloud “L” and upper cloud “U”, respec-
tively. The left panel of Fig. A2 shows the gravity waves be-
ing assembled at different times, due to some vertical wind
shear. The right panel shows the same trajectories but plot-
ted as pressure vs. latitude, revealing the waves to be gen-
erated around 47◦ N at almost all altitudes. These waves are
caused by the main chain of the Alps. The maximum wave
activity is located around 47◦ N–13◦ E, the region of the Up-
per Tauern, a West-East oriented mountain chain in Austria,
which reaches up to 3800 m altitude. The absence of hori-
zontal wind shear and the wind direction being almost or-
thogonal to the mountain ridge are ideal prerequisites for the
development of the mountain-wave induced cirrus clouds.

Appendix B

Estimation of the IWC from the measured ABSR

Obtaining an estimate of theIWC from the aerosol backscat-
ter ratioABSRmeasured by COBALD is not possible in an
exact manner, because the size distribution is generally not
known. However, if the distribution can be approximated as
lognormal with constant widthσ and if rough estimates of
the mode radiusrm exist, an approximateIWC-ABSRre-
lationship is readily obtained, including an error estimate.
Figure B1 shows simulatedABSRat wavelength 870 nm for
IWC= 10−3 g kg−1 condensed as ice in a lognormal size dis-
tribution as function ofrm. The assumed lognormal size
distribution width isσ = 1.4, the refractive index is that of
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Figure B1.  Red curve: Simulated aerosol backscatter ratio (ABSR) at 870 nm wavelength per 3 

10-3 g/kg condensed as ice particles in a lognormal size distribution in dependence of the 4 

mode radius (rm).  The assumed conditions are a lognormal distribution width  = 1.4, a 5 

refractive index of 1.31 (for ice), and an aspect ratio A = 0.75 for prolate spheroids as proxy 6 

for the ice particle asphericity.  ABSR for IWC other than 10-3 g/kg are obtained by appropriate 7 

scaling of the ordinate.  Black dotted lines: typical range of rm in high thin cirrus clouds 8 

(which formed in situ, e.g. by orographically forced upwelling), resulting in an overall 9 

uncertainty in BSR of a factor of ~4.   10 

11 

Fig. B1. Red curve: Simulated aerosol backscatter ratio (ABSR) at
870 nm wavelength per 10−3 g kg−1 condensed as ice particles in a
lognormal size distribution in dependence of the mode radius (rm).
The assumed conditions are a lognormal distribution widthσ = 1.4,
a refractive index of 1.31 (for ice), and an aspect ratioA = 0.75 for
prolate spheroids as proxy for the ice particle asphericity.ABSRfor
IWC other than 10−3 g kg−1 are obtained by appropriate scaling of
the ordinate. Black dotted lines: typical range ofrm in high thin
cirrus clouds (which formed in situ, e.g. by orographically forced
upwelling), resulting in an overall uncertainty inBSRof a factor of
∼4.

ice (1.31), and the aspect ratio of the aspherical particles is
A = 0.75

An ice water content of 10−3 g/kg corresponds to only
1.6 ppmv H2O in the condensed ice phase, i.e. a very thin
subvisible cloud. This calculation is easily applied to higher
condensed masses by multiplying the ordinate with the ap-
propriateIWC. The calculation reveals a significant, but over-
all weak dependence on the mode radiusrm. Typical values
for rm depend on the altitude and production process of the
cirrus cloud. While cirrus decks from deep convective out-
flow may contain very large ice particles with radii larger
than 100 µm, the clouds of interest here contain ice crystals
with typical radii between 5 µm and 20 µm. See for example
the results from the microphysical box model calculations
in Fig. B2, which belong to the model run shown in Fig. 5
and detailed in Sect. 6. The resulting range ofABSRcorre-
sponds to an overall uncertainty of a factor∼4 (dashed lines
in Fig. B1).

Applying these considerations to the COBALD measure-
ments in clouds “L” and “U” yields the blue points and error
bars forIWC in the lower panels of Fig. 2.

Appendix C

5-min stored fields of COSMO-7

A special research data set was assembled storing COSMO-
7 fields every 5 min instead of the usual hourly storage.
This was done after it had become clear that the quality
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Figure B2.  Microphysical column model results for the case with superimposed small-scale 3 

temperature fluctuations showing parameters in addition to those shown in Figure 5.  Left 4 

panel: ice water content, IWC.  Centre panel: ice number density, nice.  Right panel: effective 5 

radius of the ice crystals, reff . 6 
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Fig. B2. Microphysical column model results for the case with superimposed small-scale temperature fluctuations showing parameters in
addition to those shown in Fig. 5. Left panel: ice water content,IWC. Centre panel: ice number density,nice. Right panel: effective radius of
the ice crystals,reff.
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Figure C1.  Examples of backward trajectories for (a) the upper cloud ‘U’, (b) lower cloud 2 

‘L’.  Black curves: based on COSMO-7 fields with 5-minute resolution, providing trajectory 3 

values every 5 minutes.  Dark blue curves: based on COSMO-7 fields with 1-hour resolution, 4 

interpolating trajectory values every 5 minutes.  Cyan curves: based on COSMO-7 fields with 5 

1-hour resolution, providing trajectory values every 1 hour.  6 

Fig. C1. Examples of backward trajectories for(a) the upper cloud
“U”, (b) lower cloud “L”. Black curves: based on COSMO-7 fields
with 5-min resolution, providing trajectory values every 5 min. Dark
blue curves: based on COSMO-7 fields with 1-h resolution, in-
terpolating trajectory values every 5 min. Cyan curves: based on
COSMO-7 fields with 1-hour resolution, providing trajectory val-
ues every 1 h.

of the microphysical model will depend crucially on cap-
turing the correct cooling rates, i.e. small-scale temperature
fluctuations, (dT/dt)ss . We used this opportunity to exam-
ine whether the high spatial or the high temporal resolu-
tion is more important for providing the meteorological con-
ditions required for the ice cloud microphysics. Figure C1
shows for both the upper (‘U’) and lower (“L”) cloud the
LAGRANTO-derived backward trajectories, either based on
the 5-min wind fields as input and 5-min trajectory output
(black lines) or based on hourly wind fields, which are sim-
ply a subset of the 5-min dataset (bluish lines). The 1-h-based
trajectory data show either also the interpolated data (dark
blue) or only the 1-h data (cyan). The interpolated data (dark
blue) provide cooling and heating rates which are compara-
ble to the 5-min based dataset, much better than those tra-
jectory data providing only the hourly trajectory data. This
suggests that interpolating trajectory data is actually a micro-
physically sensible procedure, even though the interpolation
is of course not fully accurate. The reason for this benign
behaviour is that trajectories pick up the high spatial reso-
lution of COSMO-7 (6.6 km× 6.6 km), including orography
and weather systems, even when the temporal storage is only
hourly. Horizontal winds chase the air parcels much faster
across this texture than the texture changes itself as function
of time, at least in the cases examined here.
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