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Abstract. Heterogeneous ice formation induced by volcanic
ash from the Eyjafjallajokull volcano eruption in April 2010
is investigated based on the combination of a cirrus cloud
observed with a backscatter lidar over Jiilich (western Ger-
many) and model simulations along backward trajectories.
The microphysical properties of the cirrus cloud could only
be represented by the microphysical model under the as-
sumption of an enhanced number of efficient ice nuclei orig-
inating from the volcanic eruption. The ice nuclei (IN) con-
centration determined by lidar measurements directly before
and after cirrus cloud occurrence implies a value of around
0.1 cm™3 (in comparison normal IN conditions: 0.01 cm™3).
This leads to a cirrus cloud with rather small ice crystals
having a mean radius of 12 ym and a modification of the
ice particle number (0.08 cm~ instead of 3 -10~*cm ™3 un-
der normal IN conditions). The effectiveness of ice nuclei
was estimated by the use of the microphysical model and the
backward trajectories based on ECMWF data, establishing a
freezing threshold of around 105 % relative humidity with
respect to ice in a temperature range from -45 to -55 °C .
Only with these highly efficient ice nuclei was it possible for
the cirrus cloud to be formed in a slightly supersaturated en-
vironment.

1 Introduction

The Eyjafjallajokull volcano in Iceland ejected a large ash
cloud during its eruptions in April 2010. The cloud spread
out over central Europe in a period of 6 days and severely
disrupted the air traffic. The ash cloud was observed from
ground (e.g. Ansmann et al., 2010; Gross et al., 2012; Seifert
etal.,2011) and aircraft (e.g. Johnson et al., 2012; Schumann
et al., 2011) and is well documented in several special issues
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(ACP, JGR, and Atmospheric Environment). Two days after
the first large eruption on 14 April, we detected the ash cloud
with a backscatter lidar system over Jiilich, western Germany
(50° 54’ N, 6° 24’ E). Embedded in the ash plume a cirrus
cloud is also observed.

The volcanic ash event provides a good opportunity to in-
vestigate the impact of volcanic ash particles on cirrus cloud
formation in the atmosphere. At the moment, there is a lack
of observations, and the influence of volcanic ash on hetero-
geneous freezing is a matter of controversy. Some studies
state that volcanic ash particles act as good ice nuclei (IN)
(e.g. Isono et al., 1959; Durant et al., 2008; Fornea et al.,
2009; Prenni et al., 2009), while others suggest that the vol-
canic ash particles have no further impact as IN (e.g. Langer
et al., 1974; Schnell and Delany, 1976). The heterogeneous
freezing efficiency of the Eyjafjallajokull ash particles has
been investigated in two previous studies (Hoyle et al., 2011;
Steinke et al., 2011). Both studies used particle probes from
ground near the volcano and found only moderate effects
on atmospheric ice formation. Another study by Bingemer
et al. (2012) shows a large increase of the IN concentration
during the Eyjafjallajokull events on two sites near the sur-
face. All these studies are based on IN that are directly sam-
pled from the ground or using filter probes. IN efficiency
was analyzed in a laboratory simulation chamber under con-
trolled conditions. Seifert et al. (2011) studied the influence
of Eyjafjallajokull ash on cloud formation using a lidar and
found periods with induced cirrus clouds embedded in ash
layers. They showed the existence of very efficient IN, which
form ice crystals in an environment that is relatively dry and
only few percent supersaturated. The study by Seifert et al.
(2011) focuses on a real atmospheric observation of an ash-
induced cirrus cloud with a lidar, whereas the present pa-
per also shows lidar observation extended by investigations
on the microphysical properties of induced cirrus clouds by
model simulations. The formation of the cirrus cloud is ana-
lyzed by microphysical simulations along backward trajecto-
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ries. The simulation provides information on the microphys-
ical properties of the ash-induced cirrus cloud and conditions
for the development of such clouds.

The lidar (short for light detection and ranging) measures
optical properties (i.e. backscatter and extinction coefficient) 125
and depolarization of particles at one wavelength with a high
vertical resolution. In the depolarization channel, it is possi-
ble to distinguish various shapes of observed particles.

Periods with or without volcanic ash occurred in accor-
dance with the dynamic situation. The largest amount of 10
ash was found above the planetary boundary layer, below
seven km, in the free troposphere (Ansmann et al., 2010;
Schumann et al., 2011). However, during some periods, our
measurements show an increased depolarization and parti-
cle extinction signal at higher altitudes. This may have been 125
due to pure volcanic ash, ice crystals or a mixture of the
two. In this study, we investigate in detail one of the ob-
served cirrus cloud embedded in a volcanic ash layer. First,
the origin of the observed air mass is assigned by calculat-
ing ECMWF (European Centre for Medium-Range Weather 140
Forecasts) backward trajectories. With our detailed micro-
physical box model MAID (Model for Aerosol and Ice Dy-
namics) (Bunz et al., 2008), we simulate the ice formation
along these trajectories. Thus it is possible to distinguish ob-
servations from pure volcanic ash, natural cirrus, and induced 145
cirrus clouds. Furthermore, microphysical and optical prop-
erties of the resulting ice crystals where investigated with this
combination of lidar and model simulations.

In the first two sections, the instrument and methodol-
ogy is described, starting with the lidar instrument and the 150
measurement technique, followed by a description of the ice
model MAID, the calculation of backward trajectories, and
their combination with MAID. In Section 3, the observation
of the main Eyjafjallajokull volcanic ash cloud and the in-
duced cirrus on 16 April 2010 is presented. The origin of the 15
air masses is analyzed based on trajectory calculations. Sub-
sequently, the IN concentration is estimated from lidar data.
The simulation of induced cirrus with MAID, including two

sensitivity studies, is described and discussed accordingly.
160

2 Instrumentation and methodology

2.1 Lidar measurements

165
The commercial mobile lidar instrument Leo-Lidar (Leo-
sphere ALS 450) is mostly used for cirrus cloud observation.
The laser operates at a wavelength of 355 nm with a pulse
energy of 16 mJ, a pulse duration of 4 ns, and a frequency
of 20 Hz. The lidar head including laser and receiver can 7o
be tilted, but was zenith pointed during the Eyjfjallajokull
ash period. The receiver telescope has a diameter of 15 cm
with around 1.5 mrad field of view reaching full overlap at a
range of 510 m. The sampled altitude range is therefore 0.5
to 15 km with a usual resolution of around 30 m depending 175
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on atmospheric conditions. Two detectors measure the paral-
lel and the perpendicularly polarized backscattered light, re-
spectively. Thus, the depolarization of the scattering particles
can be measured. The depolarization is representative of the
asphericity of the scattering particles. While cirrus clouds or
ash particles mostly create a large signal in the depolarization
because of their non-spherical shape, spherical particles cre-
ate a depolarization close to zero. The volume depolarization
is calculated by dividing the perpendicular and parallel sig-
nal normalized by constant C introduced by Schotland et al.
(1971). The constant C accounts for differences in the detec-
tion efficiency of parallel and perpendicularly polarized light
in both detectors. The constant is determined by normalizing
the depolarization to an area in the atmosphere where virtu-
ally no particle scattering occurs but only the known molecu-
lar depolarization. For this study, C is determined from atmo-
spheric observations before the occurrence of the ash cloud.
The particle depolarization is calculated based on the mea-
sured volume depolarization and the calculated backscatter
coefficient as described in Gross et al. (2012).

Besides the depolarization, also the backscatter and the
extinction coefficient are important quantities. The extinc-
tion depends on the number, size distribution, and shape of
the scattering particles. The extinction is approximately pro-
portional to the concentration and effective particle size of
volcanic ash, but also proportional to the ice water content
(IWC) of a cirrus cloud. To determine the particle backscat-
ter and extinction coefficient from the backscatter signals by
the Fernald - Klett method (Klett, 1981; Fernald, 1984) we
have to assume the lidar ratio L,.,. The lidar ratio is de-
fined as the ratio of the particle extinction coefficient and
particle backscatter coefficient. It depends strongly on the
scattering properties of the measured particles. It is nearly
constant within a particle layer with a specific composition,
similar shape, and size distribution. During the Eyjafjal-
lajokull eruption, many lidar stations in Europe measured the
ash cloud and the lidar ratio with Raman lidar systems. Ans-
mann et al. (2010) specified a lidar ratio of 55 to 65 sr for
a wavelength of 355 nm. Similar values of 50 to 60 sr are
found in another study by Gross et al. (2012). We therefore
assume a lidar ratio of 60 sr for the conversion of backscatter
coefficient into particle extinction in our analysis.

Another uncertainty in the particle extinction is the effect
of multiple scattering in clouds or aerosol layers. If the parti-
cle effective radius becomes larger the possibility of multiple
scattering increases. Through strong forward scattering, sin-
gle photons remain in the field of view of the detector and
again increase the probability of a scattering process. This
effect leads to an increase of the measured particle backscat-
ter coefficient and an underestimation of the extinction co-
efficient or optical depth of the atmospheric path. In order
to correct the particle extinction profiles for multiple scatter-
ing effects we use a fast lidar and radar multiple-scattering
model described in Hogan (2008). For extinction profiles
with pure ash, an effective radius of 1 um is assumed in the
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calculations (Gasteiger et al., 2011). For ice crystals and the
induced cirrus cloud, the effective radius from model simula-
tion was used and is around 10 um. To correct the extinction
profile from multiple-scattering model output, the iterative 20
method described in Wandinger (1998) is used. The correc-
tion is calculated for atmospheric extinction profiles with low
noise. For this purpose, we use at least an average over 12000
single laser pulses measured in a time interval of 10 minutes
with 150 m vertical resolution. 235

2.2 The kinetic microphysical model MAID

To investigate the effect of ice formation on volcanic ash
particles in the atmosphere, we combined lidar measure- 240
ments with additional information obtained from microphys-
ical simulations. For the simulations, we have used the ki-
netic microphysical model MAID (Model for Aerosol and
Ice Dynamics) (Bunz et al., 2008). The box model MAID
calculates the equilibrium state of trace gas components be- 245
tween the gas phase, ice and aerosol particles. The micro-
physical ice processes implemented in MAID are as follows:
First, heterogeneous freezing after Karcher and Lohmann
(2003) with variable numbers of IN in the deposition freez-
ing mode is integrated. In MAID, different heterogeneous zso
freezing thresholds varying with temperature are selectable
(Gensch et al., 2008; Krimer and Hildebrandt, 2010), which
differ concerning the critical relative humidity with respect to
ice. Second, homogeneous freezing after Koop et al. (2000)
is included, which allows homogeneous freezing to occur af- 2ss
ter a heterogeneous freezing event. Further microphysical
processes consider the diffusional growth, evaporation, sub-
limation and Lagrangian ice particle tracking. Sedimentation
of ice crystals is now included as a new module in MAID af-
ter Spichtinger and Gierens (2009) and Spichtinger and Cz- 20
iczo (2010) by assuming a sedimentation factor representing
the incoming flux of ice particles of the top of the box as a
fraction of the outgoing flux at the bottom of the box (cloud
top : 0 < sedimentation factor < 1 : cloud bottom). The box
model is driven by temperature and pressure changes, either 2ss
artificially generated or realistic atmospheric air parcel tra-
jectories. The crucial parameters for ice formation are set
in the model initialization. For this work, the important ini-
tialization input parameters are the amount of water vapor as
well as the number concentration, the size distribution, and 270
the freezing threshold of the IN.
2.3 MAID simulations along ECMWF backward tra-
jectories

275
In this study, MAID is run along atmospheric air parcel
trajectories. For this purpose we used the trajectory mod-
ule of the Chemical Lagrangian Model for the Stratosphere
(CLaMS) (McKenna et al., 2002). Trajectories are calcu-
lated using a hybrid vertical coordinate zeta as reported in 2s0
Konopka et al. (2007) and based on ECMWF analyses data

with a vertical resolution of around 600 m in the altitude
range from 7 to 12 km, a horizontal resolution of 1 x 1 de-
gree, and time resolution of 6 hour. Trajectories are calcu-
lated from the site of the lidar (Jiilich) backwards in time and
show where the measured air mass originates. Trajectories
provide temperature, pressure and humidity on trajectory co-
ordinates, which are necessary for box model simulation.

MAID only works with a constant value of water vapor
during the simulation. Therefore the water vapor mixing ra-
tio should be nearly constant along each trajectory. To ex-
clude strong mixing of air masses with different amounts of
water vapor, the length of the trajectories is set to smaller
values than 48 hours and is therefore less than the typical
timescale of air parcel mixing. Additionally trajectories are
checked for strong vertical winds or passing convective sys-
tems which can imply mixing. Both criteria are fulfilled by
the calculated trajectories and are therefore used for MAID
simulations.

Moreover ECMWEF data often show a dry bias of H,O in
the upper troposphere (Luo et al., 2008). We checked that the
amount of water vapor is consistent with other observational
data, e.g. radiosondes. The initialized water vapor is set to
the mean mixing ratio along each trajectory. Furthermore, it
is verified that the temperature along the trajectory remains
below -35 °C. Above this temperature immersion freezing of
water drops, which is not implemented in MAID, could ex-
ist in addition to direct ice nucleation by deposition freezing,
which is the formation mechanism of cirrus clouds. The mi-
crophysical box model is started at the warmest point within
each 48 hour trajectory to save computational time and to
avoid starting with a supersaturation over ice. Starting the
model with a relative humidity above 100 % overestimates
the ice production. This also prevents increased uncertainties
due to multiple cirrus life cycles (formation and sublimation
etc.).

Finally, the ECMWEF data are very smooth and do not con-
tain any small-scale temperature fluctuations. Hoyle et al.
(2005) showed that these natural fluctuations due to atmo-
spheric wave activity are crucial for the growth of ice crystals
and for the resulting ice particle properties (size distribution
and ice water content (IWC)). We added a Gaussian distribu-
tion of temperature noise with various amplitudes and a typi-
cal peak-to-peak fluctuation length of 10 minutes to make the
trajectory and the model behavior more realistic. The ampli-
tude depends on altitude, geographic latitude and longitude,
and is parametrized in a study of Gary (2006). For our study,
the fluctuation amplitude is around 0.3 to 0.5 °C. Neverthe-
less, this Gaussian temperature distribution is arbitrary and
generates a random behavior of ice formation. For that rea-
son, we made several model runs for each trajectory, each
with newly generated temperature fluctuations. The result
of the MAID runs is only considered to be meaningful and
robust if more than 50 % of the model runs yield a similar
result, i.e. ice particle number concentration and size distri-
bution.
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2.4 Combination of model output and lidar measur-
ments

The model produces microphysical properties of the cirrus
cloud such as ice particle number concentration, size distri- 4
bution with mass mean radius or effective radius, and IWC.
The comparison of the model output with the observations
over Jiilich is based on the modeled IWC. The IWC is con-
verted into extinction using a parametrization from Heyms-
field et al. (2005) derived from extinction and IWC measure- ,,,
ments from aircraft in-situ measurements, CloudSat radar,
and Calipso lidar data. The parametrization with IWC in
g/ m?3, extinction ¢ in m~!, and the constants a and b (a=
119. g/m?, b= 1.22) reads as follows:

345

IWC=a-o". 1)

The calculated extinctions can be directly compared to ob-
served extinctions.

350

3 The Eyjafjallajokull ash plume
3.1 Lidar observation

Shortly after news of the Eyjafjallajokull eruption and the g5
propagation of a volcanic ash cloud over central Europe on
16 April 2010 we started to operate the lidar at Jilich. And
once low-level clouds over Jiilich disappeared completely at
around 18:00 UTC it was possible to observe the volcanic ash
up to 10 km. The lidar measurements are shown in Figure 1 4,
by particle backscatter coefficients derived from five-minute
averaged data. Starting from the ground to the top, one can
see the planetary boundary layer (PBL) up to 1.6 km altitude.

It is characterized by an increased backscatter coefficient be-
low the main volcanic ash layer (MVL) in the 1.6 to 3 km g5
altitude range. Both the high backscatter values in the PBL
and MVL indicate a high concentration of particles. Mixing
of volcanic ash with boundary layer air or sedimentation of
larger ash particles has probably taken place and created a
high particle loading in the upper part of the boundary layer. 47
High particle depolarization values of 32.5 % are observed in
the MVL and are similar found by others with values of 35
to 38 % (Ansmann et al., 2011; Chazette et al., 2012; Gross
et al., 2012).

Above this main ash layer, a weaker secondary layer is
visible around 4 - 5.5 km. Above this weak second layer, an
apparent third layer with an increased backscatter coefficient szs
exists. This structured layer represents a cirrus cloud em-
bedded in an ash layer (marked as volcanic-ash-induced cir-
rus). This layer differs from the other ash layers below, with
a concurrent increased volume depolarization, which indi-
cates more or larger aspherical particles such as ice crystals. sso
Another aspect also implies the presence of ice crystals. The
Klett inversion is either done with forward and backward in-
tegration assuming reference heights about 11-12 km and 7 -
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7.5 km, respectively. The Klett inversion with backward in-
tegration results in negative backscatter and extinction coef-
ficient if a lidar ratio of 60 sr (pure volcanic ash) is assumed.
This lidar ratio indeed suggests the presence of a cirrus cloud
instead of pure volcanic ash. Only a lower lidar ratio of 25
sr, often found in cirrus, provides realistic results for both
Klett solutions. For later considerations, the extinction of the
cirrus is determined with this lidar ratio.

Between 19:30 and 21:30, only a weak particle depolar-
ization lower than 5 %, but a high backscatter signal is found
in cirrus cloud between 8 and 10 km. This is unusual for
ice crystals. In comparison, the particle depolarization after
21:30 is around 20 %. The low volume depolarization in the
early phase of observation suggests spherical particles such
as droplets. However, liquid water droplets does not exist at
temperatures below -35 °C. But, this behavior is also found
by other lidar observations during the Eyjafjallajokull period
(Seifert et al., 2011). The most likely reason for this is the
occurrence of specular reflection.

In the time period of the occurrence of volcanic ash, the
lidar system measured in the zenith orientation. In the case
of planar planes of horizontally oriented ice crystals, spec-
ular reflection appears (e.g. Westbrook et al., 2010; Sassen
and Benson, 2001), which results in a high backscatter co-
efficient and a low depolarization ratio. Specular reflection
occurs under conditions where large planar ice crystals are
formed and align horizontally during sedimentation. This is
mostly the case for warmer conditions in moist air with tem-
peratures between -8 and -25 °C, where ice crystals can grow
to sizes around 50 to 100 um in radius. In the time period be-
tween 19:30 and 21:30 the air was mostly cold and relatively
dry with temperatures around -50 °C and 105 % rel. humid-
ity with respect to ice in the cirrus region (see Section 3.2
and Figure 3). Ice simulation (Section 4.1) shows the devel-
opment of rather small ice crystals around 10 yum in radius
in a volcanic ash environment. However, the are also obser-
vations were specular reflections occurs under colder condi-
tions below -30 °C as reported by Noel and Chepfer (2010).
Indeed, these observations are very rarely, but indicate that
sedimentation of ice crystals can occur under cold conditions
producing specular reflection when a zenith pointing lidar is
used.

3.2 Trajectory analysis

For the observation time between 18:00 to 03:00 UTC, we
calculate around 2000 single trajectories in the altitude range
between 1 and 12 km. The time interval between two trajec-
tories is 15 minutes and the altitude resolution is 200 m. The
probability density function (PDF) at each location of all tra-
jectories is shown in Figure 2 a) for a latitude/longitude grid
with a resolution of 0.2 x 0.2 degrees. Since the observed air
mass must contain volcanic ash particles to form an induced
cirrus, the trajectories have to be close to the Eyjafjallajokull
volcano. This is indeed the case as shown in panel a). The
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Fig. 1. Particle backscatter coefficient (assuming a lidar ratio of 25 sr) and volume depolarization measured with backscatter lidar Leo-
Lidar on 16. - 17.04.2010 (18:00 - 03:00 UTC) averaged over 5 min of data. Three layers of particles are visible: the main volcanic ash
layer between 1.6 - 3.0 km, a second weak layer in 4 - 5.5 km, and a layer in the 8 - 10 km region, which includes a cirrus cloud. In
addition, profiles of backscatter coefficient and particle depolarization are shown in the left panels obtained from averaged data before cirrus
occurrence (18-19:30 UTC, lidar ratio of 60 sr) and two profiles of the first (19:30 - 21:30 UTC) and second (21:30 - 00:30 UTC) part of the

induced cirrus cloud (lidar ratio 25 sr).

figure implies that the most trajectories could contain vol-
canic ash particles as shown by the lidar observations. In
panel b), c), and d) of Figure 2 we performed a trajectory
analysis to confirm possible ash loadings of air masses and 405
to estimate the possibility of cirrus cloud occurrence. These
figures have the same altitude and time scale as the lidar data
from Figure 1, so that it is possible to compare both figures
easily. In addition, the range in which the induced cirrus
cloud occurred at the observational site is framed by a black 10
box. In panel b) the shortest distance to the volcano for each
trajectory sampled at Jiilich is shown. A layered structure be-
tween 2 and 4 km, which has the shortest distances between
0 and 60 km to the volcano, is clearly visible in panel b).
This structure represents the main volcanic ash layer, which s
is also visible in the lidar data. The second layer in an alti-
tude range from 8 - 11 km, with distances between 90 and
160 km, can also be identified. This structure coincides with
the cirrus observation assumed in Section 3.1. Thus the air

masses in the region under consideration could potentially
contain volcanic ash and the particles could serve as IN. In
panel c) the transport time from the shortest distance to the
lidar site shows the same behavior with the two main lay-
ers. Short transportation times of around 24 hours are visible
which are in accordance to Dacre et al. (2011). In addition to
the IN occurrence, the relative humidity with respect to ice is
important for cirrus formation and persistent behavior of the
ice crystals. Thus in panel d) of Figure 2 the relative humid-
ity with respect to ice is shown. A blue shaded layer from §
to 11 km is clearly visible. This layer shows values slightly
above 100 % rel. humidity and in principle ice crystals can
occur in this layer. However, the air masses are only a few
percent supersaturated. This implies low freezing thresholds
and therefore the existence of very efficient IN in the volcanic
ash layer.

Figure 3 shows mean profiles of ECMWF temperature and
rel. humidity for three different time intervals (16 April
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Fig. 3. Profiles of temperature (red lines) and rel. humidity with respect to water (RHyater, dotted blue lines) and ice (RHjce, solid blue lines)
at Jiilich from ECMWF data (16.04.2010 at 20:00, and 17.04. at 00:00, and 01:30 UTC) and a radiosonde launched in Essen (station code
10410) on 17.04. at 00:00 UTC (red dashed line and light blue lines).
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20:00 UTC; 17 April 00:00 and 01:30 UTC). In addition, one
radiosonde launched by DWD (German Meteorological Ser-
vice) station Essen, 70 km north west of Jiilich at 00:00 UTC 475
on 17 April is shown. The relative humidity data are dry bias
corrected with an algorithm provided by Miloshevich et al.
(2009). The humidity profiles illustrate a rather good agree-
ment between the ECMWEF data and the radiosonde data and
rule out the existence of high ice supersaturations. Small dis- 40
crepancies can be explained by the distance of the launch site
from the corresponding ECMWEF grid point. Further, the pro-
files show again that air masses between 8 and 10 km are only
a few percent supersaturated and would suggest no cirrus oc-
currence under normal clean air conditions. The temperature 4ss
range from -45 to -55 °C between 8 and 10 km is clearly in
the range of possible deposition freezing.

All in all, the trajectories could be used for model simu-
lation of the induced cirrus cloud and the ECMWF data are
sufficient for this purpose. 490

3.3 IN properties

Ice formation depends strongly on the ambient conditions of
the air mass. Especially the concentration and microphysical 4es
properties of aerosol particles, which can serve as IN, have

a strong impact on heterogeneous freezing. Both affect also
the number concentration of ice crystals and therefore the
IWC or the extinction. Thus it is important to know the IN
concentration and freezing threshold as precisely as possible s
to compare the lidar extinction with MAID simulation results

in a meaningful manner.

However, the total particle concentration alone could also
be estimated from the extinction profile measured with the
lidar. The particle concentration can be obtained by apply- sos
ing an extinction to the particle concentration conversion fac-
tor. Seifert et al. (2011) used a conversion factor of 0.5 to 1
107 mcm™3, from a study of Ansmann et al. (2008) for Sa-
hara dust particles with radii > 250 nm. Seifert et al. (2011)
discussed the fact that the conversion factor for volcanic ash s
should be similar. Since it is not possible to determine the ash
particle concentration during cirrus occurrence, the lidar ob-
servations directly before and after the cirrus cloud are used.

It is assumed that the ash particle concentration is compara-
ble during cirrus occurrence. The extinction profile derived sis
from averaged data before cirrus occurrence (18:00 to 19:30
UTC) and after cirrus occurrence (01:15 to 03:00 UTC) is
shown in Figure 4 for a lidar ratio of 60 sr. It is further as-
sumed that the air masses observed in these time intervals do
not contain ice crystals. This is justified by a low backscatter sz
coefficient and a low volume depolarization visible between
18:00 and 19:30 UTC in the 8 to 10 km height range in Fig-
ure 1. Figure 4 b) illustrates the conversion from extinction
to particle concentration with a mean conversion factor of
0.75-10~®mcm~3 and the range of conversion in the blue sz
shaded area for the profile before cirrus occurrence. The to-
tal uncertainty including the uncertainty of extinction and the

conversion factor is shown as a reddish shaded area. Ash
particle concentrations in the range from 10 to 25 cm™ are
found before cirrus occurrence, while concentrations around
5 cm~3 are found after cirrus occurrence.

Besides the lidar measurements, the most precise measure-
ments of particles can be made with an aircraft probing the
ash cloud in situ. During the Ejyafjalla ash period, the Ger-
man research aircraft DLR Falcon probed the ash cloud on
19 April over Leipzig, Germany (Schumann et al., 2011). In
a dive flight pattern a vertical profile of the ash layer is inves-
tigated. In an altitude range from 4 to 5.5 km, an ash particle
concentration of about 15 cm™3 was found in the size range
from 250 to 1000 nm. The concentration of larger particles
> 2 um in the same air volume was 0.4 cm ™. Lower con-
centrations of around 5 cm~3 were found at cirrus altitude
during the dive, which is in accordance to lidar observations
of Seifert et al. (2011) on 18 April over Leipzig. Although
these measurements were taken over Leipzig on 18 and 19
April, these measured concentrations are in good agreement
with the estimation from the lidar observations.

However, even a realistic determination of the particle
concentration does not directly yield the IN concentration.
Steinke et al. (2011) analyzed freezing experiments with Ey-
jafjallajokull ash probes in an atmospheric simulation cham-
ber. They found that around 1 % of the ash particles were
very efficient IN with freezing thresholds around 110 % rel.
humidity with respect to ice at a temperature of -48 °C in the
deposition freezing mode. Therefore we assume in our anal-
ysis that 1 % of the ash particles serve as IN. The IN concen-
tration taking 1 % of the particle concentration before and
after cirrus occurrence is also displayed in Figure 4 b) and c)
at the top axis. The profile before the cirrus occurrence shows
an increased particle concentration from 8 to 11 km with an
IN concentration of 0.12 cm™ to 0.25 cm ™3 in the altitude
range of the induced cirrus cloud (marked as a gray shaded
area from 8 to 10 km). The profile after the cirrus occurrence
clearly indicates a lower IN concentration of 0.05 cm™ in
the altitude range of the cirrus cloud. Although the IN con-
centration above 10 km stays almost constant in comparison
to the profile before cirrus occurrence, the IN concentration
increases below 8 km. Obviously, the ash layer descends
within the time interval shown in Figure 4 and leaves the su-
persaturated region between 8 and 10 km shown in Figure
2. The decreasing top height of the cirrus from 10 to 9 km,
visible in the temporal progress of the cirrus cloud in the li-
dar observations (see Figure 1), confirms the descent of the
ash layer. The strong backscatter coefficients in the first part
(19:30 to 21:30 UTC) of the cirrus cloud indicates a higher
ice particle concentration and therefore a higher IN concen-
tration than the rest of the cirrus cloud. This is in accordance
with the estimated concentrations before and after the cir-
rus occurrence. An IN concentration of 0.10 cm—> obtained
from the mean of both profiles before and after the cirrus oc-
currence is close to the values found by induced cirrus lidar
observation from Seifert et al. (2011). Therefore a suitable
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Most aerosol structures are caused by a low signal to noise ratio.

assumption for the simulation of the volcanic-ash-induced
cirrus is a high IN concentration of 0.1 cm~3. This IN con-
centration is around 10 times higher than under normal con-
ditions (DeMott et al., 2010) and implies a modification of sss
the microphysical behavior of ice formation.

Besides the IN concentration, the freezing efficiency or
freezing threshold is also important for the simulation of the
induced cirrus cloud. Older laboratory studies by Durant
et al. (2008) and Fornea et al. (2009) regarded volcanic ash
from other volcano eruptions as very efficient IN. Steinke
et al. (2011) as well as Seifert et al. (2011) suggest efficient
IN during the Eyjafjallajokull ash period. Due to these find-
ings, the assumption of a low freezing threshold for the het-
erogeneous deposition freezing slightly below 110 % is also
justified in general. The freezing threshold is estimated in
detail in section 4.1 with the help of a model-based case sen-
sitivity study in comparison to the lidar observation.

560

570
Another property used for the ice formation study is the
size distribution of volcanic ash. For volcanic ash particles
we use a mono modal log-normal distribution with a width
of 1.7 ¢, minimal radius of 0.1 um and maximum radius of 5
pm. This values are similar to the outcome of inverted lidar sz
and photometer data from Gasteiger et al. (2011) or aircraft
in-situ measurements (Johnson et al., 2012; Schumann et al.,
2011).

4 Eyjafjallajokull ash-induced cirrus

As described in Section 2.2, MAID simulations are per-
formed for each trajectory with the input parameters water
vapor, IN concentration, and freezing threshold. The tem-
perature and pressure along the trajectory are taken from
ECMWEF data. The following two subsections present model
sensitivity studies to reproduce and explore the observed cir-
rus and a comparison between the simulated and the ob-
served cloud.

4.1 Model sensitivity studies
4.1.1 Case study

The case sensitivity study was performed to determine the set
of input parameters which provides the best representation of
the cloud extinction measured by the lidar. For this study, 20
representative backward trajectories were used starting at dif-
ferent altitudes and times with a focus on the time period at
the beginning of the cirrus occurrence. About 10000 single
MAID runs were made with a different sets of input param-
eters. The parameter space of the initialization covers 7 IN
concentrations (0.01, 0.03, 0.09, 0.1, 0.2, 0.5, and 1.0 cm_3),
5 freezing thresholds (105, 110, 115, 120, and 130 % rel. hu-
midity with respect to ice), and 7 water vapor initializations
(90, 100, 110, 120, 130, 140, and 150 in % of mean ECMWF
water vapor along the trajectory). Each trajectory was sim-
ulated with two different sets of temperature fluctuations as
described in Section 2.3.
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In none of the model runs homogeneous freezing occurred
after the heterogeneous freezing event even with the super- eos
imposed temperature fluctuations. These fluctuations seem-
ingly play only a minor role in the ice crystal formation pro-
cess at low cooling rates and high loading of effective IN.

The results of all model runs were compared with the lidar
extinction by calculating the extinction based on the IWCeio
as explained in Section 2.4. The best agreement with the
lidar observation is obtained for the parameter sets with high
IN concentrations of 0.09 - 0.2 cm™3, a freezing threshold
around 105 to 110 %, and with a water initialization of 100
% ECMWEF water vapor. 615

Figure 5 illustrates the influence of IN concentration relat-
ing to the extinction. Both MAID and lidar extinctions are
plotted against each other. Only trajectories with volcanic
ash conditions, low freezing threshold in the range of 105 -
110 % rel. humidity and water vapor less than 110 % from ezo
ECMWEF are considered. Most of trajectories produce ice
crystals independent of the IN concentration. However, the
resulting extinction strongly depends on the number of IN
as can be seen in Figure 5 (red dots): if the model is ini-
tialized with high IN concentration more ice crystals can be ezs
formed resulting in a higher extinction signal than the ob-
servation. Analogously, a low IN concentration results in
fewer ice crystals and a low extinction (light blue dots in light

bluish area). In addition, a small IN concentration results in
larger ice crystals that can sediment out before reaching the
site of observation. As shown in Figure 5, the best agreement
between MAID and lidar extinction is found for a range of IN
concentration from 0.09 to 0.2 cm™>. This fits well with the
estimated concentration from the lidar observation before the
cirrus cloud derived in Section 3.3, which was of the order of
0.1 to 0.2 cm™3. The lidar observations after the cirrus oc-
currence are compatible with somewhat lower IN numbers
(down to 0.05 cm~3) and suggest some variation of IN con-
centration over time.

During the Eyjafjallajokull ash period, the air in the cirrus
region was mostly relatively dry (see Section 3.2 and Seifert
et al. (2011)) and at most only a few percent supersaturated.
Ice formation only occurred in the presence of very effec-
tive IN (e.g. volcanic ash), allowing a low freezing threshold
below 110 %. Trajectories show that ice formation also oc-
curs with higher water vapor initialization above 110 % of
the ECMWF mean value. However in fact the ECMWEF data
agree well with the radiosonde profile in Figure 3 and Seifert
et al. (2011) show similar humidity profiles over Lindenberg
and Meiningen, Germany. ECMWF water vapor is thus suit-
able for the model initialization and can reproduce ice forma-
tion in the volcanic ash environment in accordance with the
lidar observations. Under these circumstances, a cirrus cloud
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was only formed under volcanic ash conditions.

The possible impact of volcanic ash on cirrus microphys-
ical properties is shown in Figure 6 where model results of
ice particle numbers and sizes for various IN concentrations ess
and freezing thresholds (see color code in Figure 6) are plot-
ted. The results of the model runs can be split up into two
regimes denoted as normal and volcanic ash IN conditions.
Under volcanic ash IN conditions (blue shaded area) with a
freezing threshold of 105 to 110 % (blueish dots) more but sso
smaller (rice ~ 10 um) ice crystals appear than under nor-
mal IN conditions (light blue shaded area, rice = 20 - 40 um)
with a freezing threshold higher than 110 % (yellow-reddish
dots). This implies that a high loading of volcanic ash can
alter the microphysical and thus radiative properties of cirrus sss
such that instead of a cloud with few large crystals a cloud
having many small crystals forms. Moreover, it can happen
that the presence of volcanic ash even allows a cirrus cloud
to form.
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4.1.2 Idealized simulations

For a more general view on the change of cirrus proper-
ties with the concentration of efficient IN, we compared in
another set of idealized MAID sensitivity runs the number s
of ice crystals appearing from heterogeneous ice nucleation

(with possible subsequent homogeneous freezing) for nor-
mal and polluted IN conditions. In Figure 7, the ice crystal
numbers nucleated for vertical velocities (w in cm/s) ranging
from 1 cm/s up to 10 m/s are shown for temperatures varying
between about -60 °C and -35 °C, i.e. the mid-latitude cirrus
range is covered by these sensitivity runs. Here, MAID is
driven by constant vertical velocities (i.e. constant temper-
ature and corresponding pressure changes) and is initialized
with an amount of water corresponding to RHjce = 90 %.
Small scale temperature fluctuations are not superimposed in
these simulations since from the case study it became obvi-
ous that these fluctuations do not trigger a second homoge-
neous freezing event. Figure 7 shows the results for IN con-
centrations of 0.01 cm > (normal conditions) and 0.1 cm ™3
(polluted conditions), which corresponds to the observed vol-
canic ash induced IN number. The resulting ice particle num-
bers in the idealized model runs are quite similar to for-
mer studies of Karcher et al. (2006), Gierens (2003), and
Spichtinger and Cziczo (2010).

Under normal conditions the ice crystal numbers are iden-
tical to the IN number (pure heterogeneous freezing) for
small vertical velocities below 10 cm/s and for all temper-
atures (Figure 7, solid lines). That means that the updraft
is not strong enough to raise RHjc up to the homogeneous
freezing threshold after the heterogeneous ice nucleation
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event. Note that in these cases homogeneous freezing would
produce fewer ice crystal than the heterogeneous. For higher
vertical velocities, the ice crystal numbers increase due to
a second homogeneous freezing event, producing more ice
crystals the higher the vertical velocity and the colder the
temperature is, as expected for the homogeneous freezing
process. 7

730

The high amount of IN in the polluted case also leads to
an identical ice crystal number, but up to vertical velocities
of about 50 cm/s (Figure 7, dotted lines). This is since the
many ice crystals can deplete the water vapor more efficiently 740
and thus stronger updrafts are necessary to increase RH;.. up
to the homogeneous freezing threshold. For higher vertical
velocities the same behavior as in the normal case is seen,

but with slightly lower ice crystal numbers.
745

Comparing the two scenarios it can be seen that for up-
drafts smaller than about 20 cm/s the microphysical proper-
ties of cirrus clouds are generally influenced by a high load-
ing of IN in the way we observed it in our volcanic ash case
study, namely that cirrus with more -but smaller- ice crystals 7s0
appear. For higher vertical velocities the picture reverses:
now the ice crystal numbers in the polluted cirrus are smaller
than those of the normal cirrus, but approaching to each other
with increasing updraft. For comparison, the large scale ver-
tical updrafts in the case of the ash-induced cirrus were rather 7ss
small with values around 1 cm/s and a standard deviation of
around 0.5 cm/s. In summary it can be seen that cirrus clouds
can be modified by a high number of heterogeneously freez-
ing efficient IN over nearly the complete atmospheric updraft
range. 760
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4.2 Comparison of the observed cirrus cloud with
model simulations

The case sensitivity study, described in the previous section,
shows that volcanic ash particles are necessary to reproduce
the observed extinction or cirrus cloud. An interesting ques-
tion is whether the whole cloud can be reproduced by the
model and ECMWF data. To answer this question we cal-
culated backward trajectories from 18:00 to 03:00 UTC with
15 minutes time and 200 m vertical resolution. To capture
the whole height range of the cirrus and ash occurrence the
trajectories are calculated from 7 to 11 km. Again five dif-
ferent sets of temperature fluctuations are used for each tra-
jectory to account for temperature variability not captured by
ECMWE. A total of 3600 single MAID runs results in a 2D
picture of the cloud that can be compared with the lidar ob-
servation. The model runs are initialized as follows. The
amount of water vapor is set to 100 % of ECMWF in all
trajectories in accordance with the results from the sensitiv-
ity study. We assume a slight sedimentation of ice crystals
(sedimentation factor of 0.9) which is common for all tra-
jectories in the middle of a cirrus cloud. In altitude ranges
between 8 and 10 km, the IN properties are set to a concen-
tration of 0.1 cm ™3 with a low freezing threshold around 105
% rel. humidity with respect to ice. Above and below, a
smaller concentration of 0.01 cm™> and a higher freezing
threshold around 130 % rel. humidity is assumed to repre-
sent the normal IN conditions. These rough assumptions are
consistent with the lidar-determined ash profile before cirrus
occurrence.

The result is illustrated in Figure 8. On the left side, the
microphysical properties of ice crystals, number concentra-
tion and mean radius are shown. The right side displays the
extinction determined from the simulation and lidar obser-
vation. A reasonable correspondence between the extinction
simulated by MAID and the observed values is found. The
occurrence of the simulated cloud is around one hour too
early, but disappeared almost on time at 01:00 UTC. The top
height is limited through the IN properties of the trajectories.
Thus it fits well at the beginning and overestimates the height
after about 21:00 UTC. The cloud base height is overesti-
mated almost all the time. The observed cirrus base height
goes down to 8 km while the lower limit of simulated cirrus
is around 8.8 km. This is an effect of underlying ECMWF
trajectories, which are too dry to contain ice crystals below
8.8 km see Figure 2). The ice crystals present would subli-
mate within a few minutes. Again the size of the resulting ice
crystals is mostly around 10 to 15 ym and this is rather small
in comparison to observations of natural cirrus clouds from
purely heterogeneous freezing under normal conditions. The
number concentration is around 0.07 to 0.09 cm ™2 and lower
than the initialization of 0.1 IN per cm ™. This implies that
sedimentation along the trajectory has a significant effect de-
spite the small sizes of the ice crystals. This is due to the long
cirrus occurrence of several hours within the trajectories and
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thus also permitting sufficient time for a slow sedimentation.
The standard deviation of resulting ice particle number in the
different trajectory realizations is in most cases in the order
of 1 to 10 %. This also corroborate the use of only two repre-

sentation in the case study above. Overall, it is obvious that e

our simplified model runs provide a reasonable reproduction
of the observed cirrus extinction structure. It is shown further
that the influence of volcanic ash as IN could be simulated
with the box model MAID.

795

5 Conclusions

This study investigates heterogeneous ice formation by Ey-
jafjallajokull volcanic ash particles based on a lidar observa-
tion over Jiilich on 16 April combined with box model simu-
lations. The observed cirrus cloud could be qualitatively re-
produced based on ECMWF trajectories with a mean concen-

tration of 0.08 cm > and mean radius of 12 yum. The IN con- so0

centration determined by lidar measurements and a model
sensitivity study implies an IN concentration of around 0.1
cm ™3 at the beginning of cloud occurrence. Differences be-
tween the observed and simulated induced cirrus cloud can

most likely be attributed to missing small-scale fluctuations sos

in the ECMWF meteorological fields and uncertainties in the
IN concentration during cirrus occurrence. In our simula-
tions, the induced cirrus cloud occurred only with the pres-
ence of very effective volcanic ash ice nuclei having a freez-

ing threshold of around 105 % rel. humidity with respect to
ice. This effectiveness of heterogeneous ice formation is in
accordance with laboratory studies. The simulation results in
rather small but many ice crystals. This means that the mi-
crophysical properties of the observed cloud are significantly
influenced by the high ash loading. From a set of idealized
model sensitivity runs it is shown that this effect is general for
updrafts up to 50 cm/s and thus is crucial for the simulation
and prediction of cirrus clouds in an environment polluted by
very efficient IN (e.g. volcanic ash).

Acknowledgements

The commercial lidar instrument was manufactured by Leo-
sphere under type designation ALS 450. We wish to thank
Leosphere for good cooperation and support. Furthermore,
we thanks the Department of Atmospheric Science at the
University of Wyoming for providing the radiosonde data
(http://weather.uwyo.edu/upperair/sounding.html).  Sincere
thanks to the whole CLaMS team and in particular to Jens-
Uwe Groof for supporting the trajectory calculations. In ad-
dition, we acknowledge the European Centre for Medium-
Range Weather Forecasts for meteorological reanalysis data
support. Thanks to J. Carter-Sigglow from the language
service of Forschungszentrum Jiilich for language revision.
Here, we would like to express our deep grief for our dear



810

815

820

825

830

835

840

845

850

855

860

865

Rolf et al.: Volcanic ash-induced cirrus cloud

colleague Cornelius Schiller, who passed away on 3 March
2012.

870
References

Ansmann, A., Tesche, M., Althausen, D., Mueller, D., Seifert, P.,
Freudenthaler, V., Heese, B., Wiegner, M., Pisani, G., Knip-
pertz, P., and Dubovik, O.: Influence of Saharan dust on cloud g7s
glaciation in southern Morocco during the Saharan Mineral Dust
Experiment, Journal of Geophysical Research-atmospheres, 113,
D04 210, doi:10.1029/2007JD008785, 2008.

Ansmann, A., Tesche, M., Gross, S., Freudenthaler, V., Seifert, P.,
Hiebsch, A., Schmidt, J., Wandinger, U., Mattis, 1., Muller, D., gg0
and Wiegner, M.: The 16 April 2010 major volcanic ash plume
over central Europe: EARLINET lidar and AERONET photome-
ter observations at Leipzig and Munich, Germany, Geophysi-
cal Research Letters, 37, L13 810, doi:10.1029/2010GL043809,
2010. 885

Ansmann, A., Tesche, M., Seifert, P., Gross, S., Freudenthaler, V.,
Apituley, A., Wilson, K. M., Serikov, L., Linne, H., Heinold, B.,
Hiebsch, A., Schnell, F., Schmidt, J., Mattis, 1., Wandinger, U.,
and Wiegner, M.: Ash and fine-mode particle mass profiles from
EARLINET-AERONET observations over central Europe after ggo
the eruptions of the Eyjafjallajokull volcano in 2010, Journal of
Geophysical Research-atmospheres, 116, DOOU02, doi:10.1029/
2010JD015567, 2011.

Bingemer, H., Klein, H., Ebert, M., Haunold, W., Bundke, U.,
Herrmann, T., Kandler, K., Miiller-Ebert, D., Weinbruch, S., ggs
Judt, A., Wéber, A., Nillius, B., Ardon-Dryer, K., Levin,
Z., and Curtius, J.: Atmospheric ice nuclei in the Eyjaf-
jallajokull volcanic ash plume, Atmospheric Chemistry and
Physics, 12, 857-867, doi:10.5194/acp-12-857-2012, http://
www.atmos-chem-phys.net/12/857/2012/, 2012. 900

Bunz, H., Benz, S., Gensch, 1., and Kraemer, M.: MAID: a model
to simulate UT/LS aerosols and ice clouds, Environmental Re-
search Letters, 3, 035001, doi:10.1088/1748-9326/3/3/035001,
2008.

Chazette, P, Bocquet, M., Royer, P., Winiarek, V., Raut, J.-C., g05
Labazuy, P., Gouhier, M., Lardier, M., and Cariou, J.-P.: Eyjafjal-
lajkull ash concentrations derived from both lidar and modeling,
Journal of Geophysical Research-atmospheres, 117, DO0U14,
doi:10.1029/2011JD015755, 2012.

Dacre, H. F., Grant, A. L. M., Hogan, R. J., Belcher, S. E., Thom- 410
son, D. J., Devenish, B. J., Marenco, F., Hort, M. C., Haywood,

J. M., Ansmann, A., Mattis, I., and Clarisse, L.: Evaluating
the structure and magnitude of the ash plume during the initial
phase of the 2010 Eyjafjallajokull eruption using lidar observa-
tions and NAME simulations, Journal of Geophysical Research- g15
atmospheres, 116, DOOUO3, doi:10.1029/2011JD015608, 2011.

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters,
M. D., Twohy, C. H., Richardson, M. S., Eidhammer, T., and
Rogers, D. C.: Predicting global atmospheric ice nuclei distri-
butions and their impacts on climate, Proceedings of the Na- gz
tional Academy of Sciences of the United States of America,
107, 11 217-11 222, doi:10.1073/pnas.0910818107, 2010.

Durant, A. J., Shaw, R. A., Rose, W. 1., Mi, Y., and Ernst, G. G. J.:
Ice nucleation and overseeding of ice in volcanic clouds, Jour-
nal of Geophysical Research-atmospheres, 113, D09 206, doi: g5
10.1029/2007JD009064, 2008.

13

Fernald, F. G.: Analysis of Atmospheric Lidar Observations - Some
Comments, Applied Optics, 23, 652-653, 1984.

Fornea, A. P., Brooks, S. D., Dooley, J. B., and Saha, A.: Hetero-
geneous freezing of ice on atmospheric aerosols containing ash,
soot, and soil, Journal of Geophysical Research-atmospheres,
114, D13 201, doi:10.1029/2009JD011958, 2009.

Gary, B. L.: Mesoscale temperature fluctuations in the stratosphere,
Atmospheric Chemistry and Physics, 6, 4577-4589, 2006.

Gasteiger, J., Gross, S., Freudenthaler, V., and Wiegner, M.: Vol-
canic ash from Iceland over Munich: mass concentration re-
trieved from ground-based remote sensing measurements, At-
mospheric Chemistry and Physics, 11, 2209-2223, doi:10.5194/
acp-11-2209-2011, 2011.

Gensch, 1. V., Bunz, H., Baumgardner, D. G., Christensen, L. E.,
Fahey, D. W., Herman, R. L., Popp, P. J., Smith, J. B., Troy,
R. F,, Webster, C. R., Weinstock, E. M., Wilson, J. C., Peter,
T., and Kraemer, M.: Supersaturations, microphysics and nitric
acid partitioning in a cold cirrus cloud observed during CR-AVE
2006: an observation-modelling intercomparison study, Environ-
mental Research Letters, 3, 035003, doi:10.1088/1748-9326/3/
3/035003, 2008.

Gierens, K.: On the transition between heterogeneous and homoge-
neous freezing, Atmos. Chem. Phys., 3, 437-446, 2003.

Gross, S., Freudenthaler, V., Wiegner, M., Gasteiger, J., Geiss, A.,
and Schnell, F.: Dual-wavelength linear depolarization ratio of
volcanic aerosols: Lidar measurements of the Eyjafjallajokull
plume over Maisach, Germany, Atmospheric Environment, 48,
85-96, doi:10.1016/j.atmosenv.2011.06.017, 2012.

Heymsfield, A. J., Winker, D., and van Zadelhoff, G. J.:
Extinction-ice water content-effective radius algorithms for
CALIPSO, Geophysical Research Letters, 32, L10807, doi:
10.1029/2005GL022742, 2005.

Hogan, R. J.: Fast Lidar and Radar Multiple-Scattering Mod-
els. Part I: Small-Angle Scattering Using the Photon Variance-
Covariance Method, Journal of the Atmospheric Sciences, 65,
3621-3635, doi:10.1175/2008JAS2642.1, 2008.

Hoyle, C., Luo, B., and Peter, T.: The Origin of High Ice Crystal
Number Densities in Cirrus Clouds, J. Atmos. Sci., 62, 2568 —
2579, 2005.

Hoyle, C. R., Pinti, V., Welti, A., Zobrist, B., Marcolli, C., Luo, B.,
Hoeskuldsson, A., Mattsson, H. B., Stetzer, O., Thorsteinsson,
T., Larsen, G., and Peter, T.: Ice nucleation properties of volcanic
ash from Eyjafjallajokull, Atmospheric Chemistry and Physics,
11, 9911-9926, doi:10.5194/acp-11-9911-2011, 2011.

Isono, K., Komabayasi, M., and Ono, A.: Volcanoes As A Source
of Atmospheric Ice Nuclei, Nature, 183, 317-318, doi:10.1038/
183317a0, 1959.

Johnson, B., Turnbull, K., Brown, P., Burgess, R., Dorsey, J., Baran,
A. J., Webster, H., Haywood, J., Cotton, R., Ulanowski, Z.,
Hesse, E., Woolley, A., and Rosenberg, P.: In situ observations of
volcanic ash clouds from the FAAM aircraft during the eruption
of Eyjafjallajokull in 2010, Journal of Geophysical Research-
atmospheres, 117, DO0U24, doi:10.1029/2011JD016760, 2012.

Karcher, B. and Lohmann, U.: A parameterization of cirrus cloud
formation: Heterogeneous freezing, Journal of Geophysical
Research-atmospheres, 108, 4402, doi:10.1029/2002JD003220,
2003.

Kircher, B., Hendricks, J., and Lohmann, U.: Physically based
parameterization of cirrus cloud formation for use in global



930

935

940

945

950

955

960

965

970

975

980

14

atmospheric models, J. Geophys. Res., 111, doi:10.1029/ees
2005JD006219, 2006.

Klett, J. D.: Stable Analytical Inversion Solution For Processing
Lidar Returns, Applied Optics, 20, 211-220, doi:10.1364/A0.
20.000211, 1981.

Konopka, P., Guenther, G., Mueller, R., dos Santos, F. H. S., 990
Schiller, C., Ravegnani, F., Ulanovsky, A., Schlager, H., Volk,
C. M., Viciani, S., Pan, L. L., McKenna, D. . S., and Riese, M.:
Contribution of mixing to upward transport across the tropical
tropopause layer (TTL), Atmospheric Chemistry and Physics, 7,
3285-3308, 2007. 995

Koop, T., Luo, B., Tsias, A., and Peter, T.: Water activity as the de-
terminant for homogeneous ice nucleation in aqueous solutions,
Nature, 406, 611 — 614, 2000.

Krémer, M. and Hildebrandt, M.: The role of heterogeneous freez-
ing in cirrus formation: new model sensitivity studies, AMSiooo
Cloud Physics Conference, Portland, USA, 2010.

Langer, G., Garcia, C. J.,, Mendonca, B. G., Pueschel, R. F,
and Fullerto.CM: Hawaiian Volcanos - Source of Ice Nuclei,
Journal of Geophysical Research, 79, 873-875, doi:10.1029/
JC079i006p00873, 1974. 1005

Luo, Z. Z., Kley, D., Johnson, R. H., and Smit, H.: Ten years
of measurements of tropical upper-tropospheric water vapor by
MOZAIC. Part II: Assessing the ECMWEF humidity analysis,
Journal of Climate, 21, 1449-1466, doi:10.1175/2007JCLI1887.

1, 2008. 1010

McKenna, D. S., Konopka, P., Grooss, J. U., Gunther, G., Muller,
R., Spang, R., Offermann, D., and Orsolini, Y.: A new Chemical
Lagrangian Model of the Stratosphere (CLaMS) - 1. Formula-
tion of advection and mixing, Journal of Geophysical Research-
atmospheres, 107, 4309, doi:10.1029/2000JD000114, 2002.

Miloshevich, L. M., Vomel, H., Whiteman, D. N., and Leblanc, T.:
Accuracy assessment and correction of Vaisala RS92 radiosonde
water vapor measurements, Journal of Geophysical Research-
atmospheres, 114, D11 305, doi:10.1029/2008JD011565, 2009.

Noel, V. and Chepfer, H.: A global view of horizontally ori-io20
ented crystals in ice clouds from Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation (CALIPSO), Journal of
Geophysical Research-atmospheres, 115, DOOH23, doi:10.1029/
2009JD012365, 2010.

Prenni, A. J., Demott, P. J., Rogers, D. C., Kreidenweis, S. M.,
Mcfarquhar, G. M., Zhang, G., and Poellot, M. R.: Ice nuclei
characteristics from M-PACE and their relation to ice formation
in clouds, Tellus Series B-chemical and Physical Meteorology,
61, 436448, doi:10.1111/j.1600-0889.2009.00415.x, 2009.

Sassen, K. and Benson, S.: A midlatitude cirrus cloud climatol-
ogy from the facility for atmospheric remote sensing. Part II:
Microphysical properties derived from lidar depolarization, Jour-
nal of the Atmospheric Sciences, 58, 2103-2112, doi:10.1175/
1520-0469(2001)058(2103: AMCCCF)2.0.CO;2, 2001.

Schnell, R. C. and Delany, A. C.: Airborne Ice Nuclei Near An
Active Volcano, Nature, 264, 535-536, doi:10.1038/264535a0,
1976.

Schotland, R. M., Sassen, K., and Stone, R.: Observations
by Lidar of Linear Depolarization Ratios for Hydrometeors,
Journal of Applied Meteorology, 10, 1011-1017, doi:10.1175/
1520-0450(1971)010(1011:0BLOLD)2.0.CO;2, 1971.

Schumann, U., Weinzierl, B., Reitebuch, O., Schlager, H., Minikin,
A., Forster, C., Baumann, R., Sailer, T., Graf, K., Mannstein,

1015

Rolf et al.: Volcanic ash-induced cirrus cloud

H., Voigt, C., Rahm, S., Simmet, R., Scheibe, M., Lichtenstern,
M., Stock, P., Ruba, H., Schauble, D., Tafferner, A., Rautenhaus,
M., Gerz, T., Ziereis, H., Krautstrunk, M., Mallaun, C., Gayet,
J. FE, Lieke, K., Kandler, K., Ebert, M., Weinbruch, S., Stohl,
A., Gasteiger, J., Gross, S., Freudenthaler, V., Wiegner, M., Ans-
mann, A., Tesche, M., Olafsson, H., and Sturm, K.: Airborne ob-
servations of the Eyjafjalla volcano ash cloud over Europe during
air space closure in April and May 2010, Atmospheric Chemistry
and Physics, 11, 2245-2279, doi:10.5194/acp-11-2245-2011,
2011.

Seifert, P, Ansmann, A., Gross, S., Freudenthaler, V., Heinold,
B., Hiebsch, A., Mattis, 1., Schmidt, J., Schnell, F., Tesche, M.,
Wandinger, U., and Wiegner, M.: Ice formation in ash-influenced
clouds after the eruption of the Eyjafjallajokull volcano in
April 2010, Journal of Geophysical Research-atmospheres, 116,
DO00U04, doi:10.1029/2011JD015702, 2011.

Spichtinger, P. and Cziczo, D. J.: Impact of heterogeneous ice
nuclei on homogeneous freezing events in cirrus clouds, Jour-
nal of Geophysical Research-atmospheres, 115, D14 208, doi:
10.1029/2009JD012168, 2010.

Spichtinger, P. and Gierens, K.: Modelling Cirrus Clouds. Part 1a:
Model description and validation, Atmos. Chem. Phys., 9, 685—
706, 2009.

Steinke, 1., Mohler, O., Kiselev, A., Niemand, M., Saathoff, H.,
Schnaiter, M., Skrotzki, J., Hoose, C., and Leisner, T.: Ice
nucleation properties of fine ash particles from the Eyjafjal-
lajokull eruption in April 2010, Atmospheric Chemistry and
Physics, 11, 12945-12958, doi:10.5194/acp-11-12945-2011,
http://www.atmos-chem-phys.net/11/12945/2011/, 2011.

Wandinger, U.: Multiple-scattering influence on extinction- and
backscatter-coefficient measurements with Raman and high-
spectral-resolution lidars, Applied Optics, 37, 417-427, 1998.

Westbrook, C. D., Illingworth, A. J., O’Connor, E. J., and Hogan,
R. J.: Doppler lidar measurements of oriented planar ice crystals
falling from supercooled and glaciated layer clouds, Quarterly
Journal of the Royal Meteorological Society, 136, 260-276, doi:
10.1002/qj.528, 2010.



