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Abstract The eruption of the Eritrean Nabro Volcano in June 2011 was the largest eruption since
Mount Pinatubo in June 1991. The Nabro volcano emitted 1-1.5 megaton of sulfur dioxide into the lower
stratosphere which resulted in a significant rise in the stratospheric sulfate aerosol burden in the months
following the eruption. We have analyzed backscatter and extinction from ice clouds, as measured by the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite between June 2006
and May 2014, to assess if volcanic aerosol produced by the Nabro eruption had affected ice clouds. We
found no significant modifications of either of ice cloud optical properties (i.e,, total backscattering and
extinction), occurrence frequencies, or residence altitudes on a global scale. Using the analyzed optical
properties as indicators of posteruptive ice cloud radiative forcing modifications, we find that the eruption
had no significant volcanic aerosol-ice cloud radiative effect. Our results suggest that the investigated
optical properties of ice and cirrus clouds are at most weakly dependent on the sulfate droplet number
density and size distribution.

1. Introduction

Cirrus clouds play an important role in the radiative budget of the Earth [Liou, 1986]. They are thought to have
a positive cloud radiative effect [Chen et al., 2000]: Their cloud tops are at cold temperatures, so they emit less
infrared radiation than clouds at lower altitudes or the surface. Moreover, the greater the cirrus optical thick-
ness, the more terrestrial infrared radiation is emitted back to the ground. On the other hand, thicker cirrus
clouds will scatter more solar radiation back to space. This cooling effect is outweighed by the aforementioned
warming effects at typical cirrus optical thicknesses and altitudes [Corti and Peter, 2009].

Cirrus clouds form when a sufficiently moist air parcel is lifted to altitudes at which freezing is possible. Uplifts
can occur in synoptic weather systems, in convection, in the tropical tropopause region (cold trap), and over
mountainous terrain, as outlined in Sassen [2002]. In the case of contrail cirrus, aircraft exhausts provide the
water vapor that is necessary for ice crystals to form. Tropospheric ice crystals can form in cirrus clouds in
the upper troposphere at temperatures below T, ., &% —40°C. Liquid droplets can freeze homogeneously only
below T,,.,. At warmer temperatures, freezing is possible in mixed-phase clouds at intermediate altitudes
only via formation of ice germs on the surfaces of insoluble aerosol particles in a process called heteroge-
neous nucleation [Pruppacher and Klett, 1997]. Deposition nucleation is a heterogeneous nucleation pathway
that can take place at temperatures below T, ,,. Depending on an air parcel’s initial humidity, Wiacek et al.
[2010] outlined possible histories of cirrus- and mixed-phase cloud-forming air parcels and the relevance of
homogeneous and heterogeneous nucleation therein.

In the context of this work, we study both cirrus clouds (including cirrostratus, cirrocumulus, and convective
anvil cirrus) and the iced tops of mixed-phase clouds, i.e., the upper regions of nimbostratus and cumu-
lonimbus clouds at temperatures T < —40°C. The global annual mean occurrence of Nimbostratus (Ns) and
Cumulonimbus (Cb) clouds are 5-9% over land and 5-11% over ocean, while Cirrus (Ci), Cirrostratus (Cs), and
Cirrocumulus (Cc) have a global annual mean occurrence of 6-22% over land and 6 —14% over ocean [Raschke
et al., 2005; Eastman and Warren, 2013]. Adopting mean values of 7% and 14% for Ns + Cb and Ci + Cs + Cc
over land (and of 8% and 10% over ocean), the fraction of iced tops of mixed-phase clouds relative to all ice
clouds is 33% over land and 44% over ocean.

We sample the CALIPSO cloud observations based on a temperature criterion. Homogeneous freezing of
micrometer-sized droplets of pure water occurs at about —38°C [Koop et al., 2000]. To account for freezing
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point depression effects caused by atmospheric background concentrations of sulfate ions, we take —40°C
as our ice cloud detection threshold. To test the sensitivity of our results with respect to this criterion, we
repeated the analysis with —50°C, —60°C, and —70°C thresholds.

Stratospheric sulfate aerosols may have the potential to modify the microphysical and radiative properties,
occurrence frequencies, and altitudes of ice clouds [Sassen, 1992; Jensen and Toon, 1992; Wang et al., 1995;
Song et al., 1996; Kiibbeler et al., 2012]. The objective of this study is to investigate whether sulfate aerosols
from the 2011 eruption of the Nabro Volcano have affected the optical properties (i.e., the total backscatter
and extinction) of ice clouds on a global scale.

The Nabro Volcano (13.37°N, 41.70°E) is located in the Afar Depression, part of the East African Rift located
in the Eritrean-Somalian border region. The eruption started on 12 June 2011 at around 21 UTC [Vernier et al.,
2013]and lasted for about a month. As reported by Theys et al. [2013], about 4.5 megaton (Mt) of sulfur dioxide
(SO,) were released during this time period, of which an estimated 1 Mt reached the lowermost stratosphere
(N. Theys, personal communication, 2014). Robock [2013] provides an estimate of 1.5 Mt for the stratospheric
SO, input following the eruption. The plume was rich in SO, and water vapor and poor in ash if any [Clarisse
etal, 2012; Theys et al., 2013; Penning de Vries et al., 2014]. A large fraction of the total SO, release occurred
during the first 15 h of the eruption with injection heights between 15 and 18 km [Theys et al., 2013]. SO, was
injected directly to or above the tropopause region during this initial eruption and on 16 June 2011 [Fromm
etal., 2014]. Parts of the initial plume were transported toward East Asia in the upper troposphere [Sawamura
etal., 2012; Penning de Vries et al., 2014]. Bourassa et al. [2012, 2013] have claimed that the plume was advected
into the lower stratosphere by deep convection linked to the Asian monsoon. Vernier et al. [2013] and Fromm
et al. [2013, 2014] argued that the plume was injected directly into the stratosphere instead. Clarisse et al.
[2014] confirmed that lower parts of the initial plume underwent uplift in the Asian monsoon circulation,
while Fairlie et al. [2014] asserted that this uplift was not due to monsoon convection but can be explained by
quasi-isentropic flow alone.

Following the Nabro eruption, the stratospheric aerosol load increased mainly over Asia in the first month
following the onset of the eruption [Bourassa et al., 2012]. Figure 1 shows the stratospheric aerosol-to-
molecular backscatter ratio from the first half of June 2011 to the second half of December 2011 based on
nighttime backscatter measurements of the CALIPSO satellite. A stratospheric aerosol plume formed within
weeks after the eruption onset, with the peak zonal mean aerosol optical depth at about 20 to 25°N. The fea-
ture observed near 10-12 km altitude North of 45°N in June and the first half of July is likely the plume from
the Grimsvétn eruption in May 2011. Figure 2 shows the stratospheric aerosol optical depth at 532 nm above
15 km from June 2006 to May 2014 based on CALIPSO observations. By mid-August 2011, the Nabro plume
had spread over the entire Northern Hemisphere (NH; Figures 1 and 2), and by end 2011 most of the strato-
spheric aerosol from the Nabro eruption had returned to the troposphere by stratosphere-to-troposphere
exchange of air and sedimentation.

The Nabro eruption was likely the largest eruption since Mount Pinatubo (16°N) in June 1991 in terms of
its stratospheric SO, injection. During the Pinatubo eruption, about 18 + 4 Mt of SO, [Guo et al., 2004] and
5-6 km3 dense-rock equivalent of volcanic ash [Wiesner et al., 2003] were released into the lower stratosphere.
The Pinatubo eruption induced stratospheric warming and tropospheric cooling responses [McCormick et al.,
1995]. Free and Angell [2002] have examined the effects of volcanic eruptions on the vertical temperature
structure of the troposphere using radiosonde data. They showed for the tropics that a tropospheric cooling
followed the Pinatubo eruption which was maximal in the middle to upper troposphere, while the El Chichén
(17°N, April 1982) and Agung eruptions (8°S, March 1963) exhibited a smaller and vertically more evenly
distributed tropospheric temperature response. How a volcanic eruption affects the properties and abun-
dance of ice particles may depend on the upper tropospheric temperature response to the eruption. As some
eruptions may potentially induce significant temperature responses, our results may not be generalizable to
arbitrary volcanic eruptions.

2. Potential Effects of Volcanic Aerosols on Ice Clouds

Sassen [1992] and Sassen et al. [1995] have reported cirrus clouds with ice crystal number densities as high as
600 per liter that were observed over Kansas in December 1991 with a ground-based lidar in the aftermath
of the June 1991 eruption of Mount Pinatubo. They also suggested that the upper parts of two observed
cirrus clouds, which were at temperatures between —40° and —50°C, i.e., below the homogeneous freezing
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Figure 1. Zonal mean backscatter ratio (aerosol to molecular) of the Nabro plume between 0-62°N and 8-20 km
altitude from June to December 2011 from CALIOP level 1 nighttime data. The red curve shows the zonal mean
tropopause altitude from GEOS-5 data.

temperature of water, consisted mainly of supercooled aqueous sulfuric acid droplets based on depolarization
data. The authors explained this observation with a freezing point depression that occurred in cloud droplets
after an influx of volcanic aerosols into the cirrus-forming region. In the context of their study, a freezing point
depression is the process of reducing the freezing point of water by adding a solute, sulfuric acid to it. The
authors concluded that their observations provided evidence of a so far unobserved volcanic aerosol cirrus
cloud climate feedback mechanism. Sassen [1992] also suggested that an influx of sulfate droplets into the
upper troposphere might increase the abundance of cirrus clouds, because stratospheric sulfuric acid solution
droplets that enter a cirrus-forming air mass after a volcanic eruption are typically larger than in volcanically
quiescent times. The freezing probability of solution droplets increases with the droplet volume according
to classical nucleation theory and in accordance with numerous laboratory measurements [Pruppacher and
Klett, 19971. Larger droplets are, therefore, more likely to freeze. Moreover, the larger a solution droplet and
its sulfuric acid concentration, the lower the relative humidity that is required for the droplet to be in thermo-
dynamic equilibrium with the gas phase, as described by the Kelvin and Raoult terms in the Kéhler equation
[Pruppacher and Klett, 19971. Thus, the authors further suggested that cirrus clouds might occur at lower
relative humidities after a strong volcanic eruption. Finally, they proposed a posteruptive increase in the
cirrus lifetimes, because a greater abundance of large sulfate droplets might cause more and smaller ice
crystals to form which would sediment less rapidly.
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Figure 2. Zonal mean Aerosol Optical Depth at 532 nm above 15 km based on CALIPSO measurements (June 2006 -
May 2014), showing (a) Tavurvur, (b) Kasatochi, (c) Sarychey, and (d) Nabro eruption.
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Wang et al. [1995] analyzed Stratospheric Aerosol and Gas Experiment (SAGE) Il observations of subvisible
tropical tropopause cirrus clouds following the El Chichdn eruption in 1982. They found that clouds having
high extinction coefficients become less frequent after the eruption, while clouds with low extinction coef-
ficients become more frequent. The authors pointed out that, according to Mie theory, the cloud extinction
coefficient decreases with increasing aerosol number densities if the effective cloud particle radii are below
0.8p:m. They concluded that their cirrus cloud observations consist of particles of effective radii smaller than
0.8um. They concluded further that the increase in number density of volcanic aerosol had induced this reduc-
tion in the cloud particle effective radii, because a greater number of solution droplets had been competing
for the same amount of available water vapor after the eruption.

Song et al. [1996] analyzed outgoing longwave radiation data from the NOAA Climate Analysis Center
and SAGE Il and ground-based lidar observations. They found high-level cloudiness to increase with the
global stratospheric aerosol load, particularly in the midlatitudes, and concluded that volcanic aerosol can
significantly modify high-level cloudiness and thereby affect global climate. To explain their observations, the
authors suggested that the posteruptive enhancement in solution droplet number densities increased the
abundance of cloud condensation nuclei in the upper troposphere in posteruptive times, which may have
enhanced upper level cloudiness.

Massie et al. [2003] examined Halogen Occultation Experiment and SAGE Il observations of tropical
tropopause cirrus. They found decreases in the occurrence frequency and the extinction of cirrus clouds after
the 1991 eruption of Mount Pinatubo, in agreement with Wang et al. [1995]. The authors hypothesized that
increases in ice nuclei number densities or changes in the strength or occurrence frequency of deep convec-
tive events might explain their observations. Moreover, they analyzed anomalies of radiosonde temperatures
near the tropical tropopause together with SAGE Il cirrus extinction measurements in order to investigate
whether tropopause temperature changes as observed after the Pinatubo eruption can explain the posterup-
tive decrease in cirrus extinction. Based on their analysis, they excluded tropopause temperatures as a possible
explanation of the observed posteruptive reduction in cirrus extinction.

Luo et al. [2002] analyzed three data sets that were derived from passive satellite instruments for evidence
of large-scale modifications of cirrus cloud amounts or optical properties and found no such effects. They
concluded that “previous studies showing some changes are probably isolated local effects.” Rolf et al. [2012]
examined ground-based lidar data of a cirrus cloud situated in a volcanic plume which originated from the
2010 eruption of the Icelandic Eyjafjallajokull Volcano. Running a microphysical box model along back trajec-
tories, they concluded that the observed cirrus cloud must have formed by heterogeneous nucleation on the
volcanic ash particles of the plume.

Turning to modeling studies, Jensen and Toon [1992] performed simulations on the effects of volcanic sulfate
aerosols on cirrus clouds. They found that ice crystal number densities can increase by up to a factor of 5 when
an air mass rich in sulfate droplets of stratospheric origin mixes with a tropospheric cirrus-forming air parcel.
According to their estimates, this volcanic aerosol cirrus cloud effect may amount to a net surface warming of
up to 8 W/m?2. The authors stressed the sensitivity of their results to a number of assumptions made and the
need of further observational studies to constrain the model uncertainties. According to Jensen et al. [1994],
the microphysical properties of cirrus clouds are, however, primarily sensitive to temperature and cooling
rates of the cirrus-forming air mass and at most weakly related to the sulfate droplet number density.

Lohmann et al. [2003] simulated increases in ice crystal number density by about 50-100% in the tropical
tropopause region following the Pinatubo eruption. They found that ice crystal number densities tended to
be enhanced in regions where solution droplet number densities were low. Moreover, their results agreed
with Luo et al. [2002] in that the sulfate aerosols of the simulated Pinatubo eruption have no significant cloud
radiative effect.

Kiibbeler et al. [2012] studied effects of stratospheric sulfate geoengineering on cirrus clouds and found that
injections of 5 Mt SO,/a caused reductions in ice crystal number densities by 5-50%. The simulated increase in
stratospheric aerosol load warmed the upper troposphere and lower stratosphere (UTLS), because the aque-
ous sulfuric acid solution droplets absorb and re-emit terrestrial radiation and thereby warm the surrounding
air masses. The UTLS warming in turn stabilized the middle and lower troposphere and thus reduced vertical
wind velocities in cirrus-forming air parcels. This caused homogeneous ice nucleation rates to decline, result-
ing in cirrus clouds that were substantially thinner optically. The resulting radiative cooling effect made up
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60% of the overall net radiative effect of the employed geoengineering scheme. Cirisan et al. [2013] studied
stratospheric sulfate geoengineering effects on cirrus-forming air parcels in the northern midlatitudes from
injections of 2-10 Mt SO,/a. They found increased ice crystal number densities in cirrus clouds that formed in
air masses strongly affected by stratospheric air and reduced ice crystal number densities in air masses only
mildly affected by stratospheric air. The authors report a midlatitude cirrus radiative effect averaging out to
less than 1% of the overall net radiative effect of their geoengineering scheme. Comparing to Kiibbeler et al.
[2012], the study of Cirisan et al. [2013] employs a more comprehensive microphysical scheme but focusses
on the northern midlatitudes only and does not consider feedbacks, such as upper tropospheric temperature
and humidity changes.

3. CALIPSO-Based Ice Cloud Statistics

Many passive satellite instruments are known to sample only the optically thick ice clouds and to miss optically
thin ones [Stubenrauch et al., 2013]. The CALIOP lidar on the CALIPSO satellite is able to detect even subvisible
ice clouds. Based on the CALIOP backscatter and extinction signals, the residence altitudes, optical thick-
nesses, and occurrence frequencies of ice clouds can be calculated, which determine the cloud radiative effect
[Cortiand Peter, 2009]. Therefore, if significant modifications of the shape or position of the frequency distribu-
tion of lidar backscatter or extinction from clouds were observed in posteruptive seasons, this would suggest
a cloud radiative effect of the volcanic aerosol. CALIOP is one of the most suitable instruments currently avail-
able for investigating the global radiative effect of volcanic aerosols on ice clouds. CALIPSO has been probing
Earth’s atmosphere nearly continuously since June 2006. It provides vertical profiles of backscatter and depo-
larization at 532 nm from particulates suspended in the troposphere and lower stratosphere during 15 orbits
a day [Winker et al., 2007, 2009]. The CALIPSO level 2 retrieval algorithms have been employed on the profiles
to discriminate cloud and aerosol particles [Vaughan et al., 2009]. We used the retrieved CALIPSO level 2 cloud
profile product version 3 provisional (L2 CPro) [Anselmo et al., 2007] to analyze nighttime measurements of
particulate backscatter from 13 June 2006 to 31 May 2014. The data are provided at a resolution of 5-80 km
along the ground track and 60 m vertically.

The 532 nm backscatter signal-to-noise ratios are worse during daytime because of the greater number of
solar photons reaching the receiver telescope. Therefore, some thinner cirrus clouds may remain undetected
by CALIPSO during daytime [Winker et al., 2009]. Apparent daytime/nighttime differences in cirrus cloud
occurrence frequency in the L2 CPro data product may result either from actual differences in occurrence fre-
quency or from the poorer daytime signal-to-noise ratio. It is not possible to compare daytime and nighttime
cirrus occurrence frequencies based on merely the L2 CPro data without being affected by the daytime low
bias (M. Vaughan, personal communication, 2014). Therefore, our study focuses on the nighttime data only.

We also use atmospheric temperature data from the Goddard Earth Observing System Model data assimila-
tion system, version 5 (GEOS-5) of NASA’s Global Modeling and Assimilation Office. We filter the backscatter
and extinction data based on the cloud-aerosol discrimination (CAD) score [Liu et al., 2009, 2010] which pro-
vides a measure of the level of confidence in the result of the cloud-aerosol discrimination algorithm of
Vaughan et al. [2009]. The CAD score distinguishes clouds from aerosol based on five-dimensional cloud
and aerosol distributions, po,q @aNd Paerosorr that were developed based on four months of CALIOP observa-
tions and whose dimensions are the attenuated backscatter at 532 nm, the ratio of attenuated backscatter at
532 nm and at 1064 nm, the depolarization ratio, latitude, and altitude. The CAD score is defined as

Pcloud ~ Paerosol + 100 1)

Pcioud T Paerosol
where pouq aNd Paerosol take values in the range of 0 to 1. The CAD score values range from 0 to 100 for clouds
and from 0 to —100 for aerosol. If there is no overlap between the 5-D cloud and aerosol distributions, clouds
and aerosol can be distinguished from each other on the highest confidence level (CAD score = 100 for clouds,
CAD score = —100 for aerosol). Absolute CAD score values larger than 70, between 50 and 70, between 20 and
50, and smaller than 20 correspond to high/ medium/ low/ no confidence in the cloud-aerosol discrimination
according to Atmospheric Sciences Data Center (ASDC).

We filter the backscatter and extinction measurements such that any measurements with CAD score below
100 are discarded from our analysis. While (even at CAD score = 100) the CAD algorithm may not work
fully reliably when discriminating mineral dust, volcanic ash, or smoke from cirrus clouds (ASDC), it per-
forms well in distinguishing cirrus clouds from sulfate plumes based on their depolarization characteristics:
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Figure 3. Monthly mean zonal mean nighttime ice occurrence frequencies based on 8 years of CALIPSO observations,
from June 2006 to May 2014, for threshold temperatures of —40, —50, —60, —70, and —80°C. Tickmarks are in January.
Dashed lines indicate (left to right) the eruptions of Tavurvur in October 2006, Kasatochi in August 2008, Sarychev in
June 2009, and Nabro (13°N) in June 2011.

sulfate droplets have a depolarization ratio of close to zero because of their sphericity, whereas ice crys-
tals in clouds at T<—40°C typically produce lidar depolarization ratios of about 0.35 + 0.1 [Sassen and
Benson, 2001]. The good performance of the CAD algorithm in the case of sulfate-versus-cirrus discrimina-
tion is illustrated by the CALIPSO browse images of the 2011 Nabro plume (e.g., CALIPSO browse Images,
http://www-calipso.larc.nasa.gov/products/lidar/browse_ima_ges/_show_detail.php?s=production_v=V3-
01&browse_date=2011-07-18&orbit_time=00-17-10&page=1&granule_name=CAL_LID_L1-ValStage1-V3-
01.2011-07-18T00-17-10ZN.hdf). The plume was rich in SO, but contained very little if any ash [Clarisse et al.,
2012; Theys et al., 2013; Penning de Vries et al., 2014]. Based on CALIPSO browse image inspections of the
Nabro plume and on the negligible role of ash in the plume, we concluded that our results are not affected
by a significant number of instances of volcanic aerosol misclassification as cloud.

Polar stratospheric clouds (PSC) are generally not contained in the L2 CPro data set [Atmospheric Science Data
Center, 2013]. In some cases, we found the PSC removal incomplete though, so we screened the remaining
PSC pixels by removing all backscatter measurements taken at altitudes above 14 km at latitudes polewards
of 65°.

4, Results

As shown in Figure 1, a large fraction of the stratospheric aerosol that formed following the Nabro eruption
returned to the northern hemispheric troposphere by the end of 2011. Posteruptive modifications of ice cloud
properties would, therefore, mostly be expected in the Northern Hemisphere (NH) and within the first half
year after the eruption.

4.1. Zonal Mean Ice Cloud Occurrence Frequencies

Figure 3 shows monthly mean zonal mean nighttime ice occurrence frequencies from the start of the oper-
ation period of the CALIPSO satellite in June 2006 to May 2014 for several latitude bands. In each panel, the
black curve represents ice occurrence frequencies below a threshold temperature of —40°C, i.e., the ratio of
the number of profiles which contain at least one in-cloud measurement below —40°C to the total number
of profiles. One might expect that an influx of stratospheric sulfate aerosol into the troposphere may have
the strongest impact on the cold and thin cirrus clouds of the uppermost troposphere. Thus, we also pro-
vide ice cloud occurrence frequencies for threshold temperatures of —50°C to —80°C, as indicated by the
colored curves.
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Figure 4. Backscatter distributions of CALIPSO nighttime ice observations over the northern midlatitudes 40-65°N
(including land and ocean areas). The red curves are the backscatter distributions of the four seasons following the June
2011 Nabro eruption (JJA 2011 to MAM 2012). The black curves indicate the remaining seasons. All distributions have
logarithmic bin widths of 0.05, i.e., 20 bins per magnitude. In each subpanel, each row pertains to one of the backscatter
distributions, e.g., the row starting with “2011” in the DJF panel pertains to the red curve. The left column states the
year, while the middle column shows the number of nighttime in-cloud backscatter measurements between 40 and
65°N and below —40°C that went into the distribution of the respective season and year. The right column provides the
total number of nighttime CALIPSO profiles available between 40 and 65°N for the respective season and year; this
includes profiles which contain clouds and profiles without any clouds (clear sky). For example, if for DJF 2011 there
were only 2 orbits, each of which had 550 profiles between 40 and 65°N that contained 1800 backscatter measurements
from clouds below —40°C at CAD = 100, the DJF 2011 row would read “2011 3600 1100,” and the DJF 2011 distribution
(red curve) would contain only 3600 data points.

In accordance with Sassen et al. [2008], we find that the ice occurrence frequencies exhibit a strong seasonal
cycle in all latitude bands. Highest ice abundances are observed in the Intertropical Convergence Zone (ITCZ),
where most convective activity and related transport of water vapor into the upper troposphere occurs. The
tropical mean ice occurrence frequency exhibits a double-peaked shape with maxima in spring and autumn
in accordance with the ITCZ equator-crossing times. It also has a weak El Nifio signature superimposed: The
2009/2010 El Nifio event shows up as a pronounced 2009 autumn peak that is right shifted by a few months
toward wintertime. In the midlatitudes, ice is most frequently observed in the respective winter season.

The rightmost dashed line shows the Nabro eruption in June 2011. Also indicated are three other volcanic
eruptions with stratospheric SO, input (see also Figure 2). None of the eruptions are followed by abnormally
high or low ice occurrence frequencies in any of the five latitude bands. Even thin tropopause cirrus clouds
which make up a substantial fraction of the —70°C and —80°C ice occurrence time series do not show a
volcanic signature.

4.2, Ice Cloud Backscatter Distributions

Figure 4 shows frequency distributions of backscatter measurements of nighttime ice cloud observations
taken over the northern midlatitude land and ocean areas (40-65°N) for different seasons based on the
CALIPSO L2 CPro data set. The backscatter measurements shown are the total (perpendicular + parallel) lidar
backscatter at 532 nm after attenuation correction. They are provided in the CALIPSO level 2 cloud profile
product version 3 provisional (L2 CPro) [Anselmo et al., 2007]. The red curves represent frequency distributions
of the four seasons following the Nabro eruption, i.e., June, July, and August (JJA) 2011, September, October,
and November (SON) 2011, December, January, and February (DJF) 2011/2012, and March, April, and May
(MAM) 2012. Seasons of the other years are plotted in black.

The histograms contain only positive backscatter values, even though about 2% of the L2 CPro ice crystal
backscatter values are negative. Negative values mostly occur when the corresponding attenuated backscat-
ter values are negative as well, which can be the case in weakly scattering parts of clouds (M. Vaughan,
personal communication, 2014). We have omitted the negative backscatter values in the logarithmic
histograms but counted them in the occurrence frequency plots.
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Figure 5. As Figure 4 but for northern midlatitudes land areas.

There are months, like May 2013, for which much fewer CALIPSO measurements are available than for others,
e.g., due to orbit maintenance. In order to account for this circumstance, we have normalized each histogram
by the number of profiles that were sampled to construct it. Thus, a hypothetical doubling in ice occurrence
frequency would show as a doubling in height of the corresponding backscatter histogram, because ice would
occur twice as often in each profile. So a backscatter histogram shifted upwards (downwards) by a significant
amount would indicate an increase (decrease) in the ice occurrence frequency. On the other hand, a signifi-
cant left or right shift of a particular histogram would hint at the occurrence of larger ice crystals or higher ice
crystal number densities. We normalized by the number of profiles, rather than by, e.g., the number of mea-
surements below —40°C, because the latter would include stratospheric measurements. Since background
tropospheric aerosol composition and number densities generally differ over land and oceans, we provide
backscatter distributions for NH midlatitude land and ocean areas separately in Figures 5 and 6.

As shown in Figures 4-6, there is significant interannual variability in the heights of the distributions, i.e.,
in the number of ice crystal backscatter measurements per backscatter range per profile, in all seasons.
The variability is most pronounced in DJF and MAM which is likely induced by the year-to-year variability
of midlatitude cyclone frequency and location. The backscatter distributions do not exhibit any systematic
upward/downward or left/right shifts in the posteruptive seasons (JJA, SON, DJF 2011, and MAM 2012) follow-
ing the 12 June 2011 eruption. The posteruptive backscatter distributions (red curves) do not stand out from
among other years, except in DJF 2011 over NH midlatitude oceans and in MAM 2012 over the NH midlati-
tude land areas. Over NH midlatitude oceans, the DJF distributions with the second and third highest peaks
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Figure 6. As Figure 4 but for orthern midlatitudes ocean areas.
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pertain to volcanically quiescent periods (DJF 2012 and 2013). Given the substantial interannual variability,
only the MAM 2012 backscatter distribution might possibly constitute a significant deviation from the inter-
annual mean. For each of the backscatter bins, we have calculated the mean and standard deviation based on
MAM of years 2007-2011, 2013, and 2014. We found that the MAM 2012 backscatter values in the range of
0.0034 and 0.0169 km~" sr™" (or equivalently 10724 and 10777 km~" sr~") lie below the 7 year mean by three
standard deviations (99.7% confidence level). In the same manner, we performed a statistical test for DJF 2011,
in which we found that the DJF 2011 backscatter values do not lie outside of three standard deviations from
the mean, except for one single backscatter bin (the one centered at 10729932 km~" sr=! = 0.0099 km~" sr™1)
which is just about significant at the 3 sigma level.

However, to make a clear statement about the significance of the DJF 2011 and, in particular, the MAM 2012
backscatter anomalies, we would require measurement time series much longer than 8 years in order to allow
for a better estimate of the mean and standard deviation of the backscatter per profile in each backscatter
range and to test the assumption of normality distribution. Moreover, we would need the deviation to show
up also in the posteruptive seasons of JJA 2011 and, in particular, SON 2011, as the strongest potential impact
of volcanic aerosol on ice clouds is expected in the first 6 months after the Nabro eruption. By MAM 2012,
i.e., 8.5 to 10.5 months after the eruption, the stratospheric aerosol burden has decayed approximately to
pre-Nabro values, as can be seen in Figure 2.

Other than these, there are no potentially significant deviations in posteruptive seasons, even at lower thresh-
old temperatures of —50 and —60°C (not shown), i.e,, even in ice clouds at greater altitudes. We have also
evaluated the ice cloud backscatter distributions at lower latitudes, namely, for the latitude bands 15°N-40°N
and 15°S-15°N (over land, oceans, and both) and have found no significant posteruptive deviations for
these lower latitude bands either. We also examined the distributions of the extinction of the CALIOP beam
at 532 nm in clouds at temperatures below —40°C at 40°N-65°N, 15°N-40°N, and 15°S-15°N (again over
land, oceans, and both) and found no further significant posteruptive deviations in addition to the ones
reported above.

The backscatter distributions of Figures 4-6 consistently show a first mode that peaks at about
7-1073 km™" sr~'. A second mode is present which peaks at about 3 - 10~ km~" sr~" and is particularly pro-
nounced in springtime and in summer. Comparing our backscatter distributions to distributions of ice crystal
extinction derived from simulations of the global aerosol-climate model ECHAM-HAM [Zhang et al., 2012],
we found that no second mode is present in the simulated ice clouds, which lead us to examine whether
the observed second mode actually stems from ice crystal backscatter. We noted that the seasonality of the
second backscatter mode matches well with the seasonality of upper tropospheric aerosol extinction that is
present in particular in springtime but also in summer at NH midlatitudes in the SAGE Il extinction data set.
Thomason and Vernier [2013] reported a similar seasonality in aerosol extinction in the SAGE Il data. Spring-
time is a major mineral dust emission time, and a substantial fraction of the uplifted dust is transported to
the upper troposphere [Wiacek et al., 2010]. Mineral dust aerosol and thin ice clouds have similar backscatter
and depolarization characteristics, which is why the CALIPSO cloud-aerosol discrimination algorithm does not
work fully reliably on dust aerosol plumes [e.g., Chen et al., 2010]. Thus, the second (low-backscatter) mode in
the distributions of Figures 4-6 is likely caused by the presence of aerosol particles misclassified as clouds by
the level 2 cloud-aerosol discrimination algorithm.

The low-backscatter mode is also evident in the two-dimensional histograms of Figure 7 which are normalized
frequency distributions of backscatter and residence temperature of ice cloud measurements made between
45-60°N for the posteruptive seasons (top row) and the 8 year mean (bottom row) as filled contours. The
low-backscatter mode of Figure 7 indicates that the particles that cause the scattering reside at temperatures
of about —50°C. Figure 8a shows the zonal mean aerosol scattering ratio (relative to molecular backscatter)
for altitudes of 8-22 km over 30-60°N based on CALIPSO level 1 measurements after cloud clearing. The sea-
sonality of the aerosol plume in the upper troposphere is evident. The plume is strongest in late spring/early
summer. Its residence altitude of about 9-11 km is consistent with the typical residence temperature of about
—53°C (Figure 7). Figure 8b shows the zonal mean aerosol scattering ratio over 0-30°N for comparison.

The prominent second mode in SON of Figure 5, peaking at about 6 - 10~ km~' sr~', corresponds to the
backscatter distribution of fall 2008. The Kasatochi volcano erupted in the Aleutian Island chainat 52°N, 175°W
on 8 August 2008. Besides some volcanic ash, its plume contained mostly sulfate aerosol and resided in the
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Figure 7. Histograms of CALIPSO nighttime backscatter measurements and corresponding temperatures from the
GEOS-5 model for 45-60°N for the posteruptive seasons JJA 2011 to MAM 2012 (top row) and 8 year seasonal means
(bottom row). To allow intercomparison between histograms, each one is normalized by the number of profiles that
contributed to it. The contour lines (in white) have been smoothed by a nearest neighbor running average to improve
readability. They are linearly increasing in steps of 0.0001.

UTLS of the NH middle and high latitudes until November 2008 [Hoffmann et al., 2010; Wang et al., 2013].
It cannot be ruled out that the Kasatochi aerosols have induced the nucleation of ice crystals. However, a
substantial part of the peak is likely caused by parts of the plume being misclassified as cirrus cloud by the
CALIPSO cloud retrieval algorithms. Visual inspection of vertical feature mask browse images in September
and October 2008 supports the latter.
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Figure 8. Zonal mean scattering ratio (aerosol to molecular) based on CALIOP observations (a) over 30-60°N and
(b) over 0-30°N (panel B).
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Figure 9. Interannual variability of seasonal nighttime ice occurrence frequencies. (top row) Mean seasonal ice cloud
occurrence frequencies from 8 years of CALIPSO observations. (middle row) Absolute values of deviations from the

8 year seasonal means (shown in Figure 9 (upper row)) of the posteruptive seasons JJA 2011 to MAM 2012. (bottom row)
Seasonal standard deviation calculated from 8 years of CALIPSO observations. Regions without data are shaded in gray.
The upper colorbar refers to Figure 9 (top row) and the lower colorbar to Figure 9 (middle and bottom rows).

4.3. Interannual Variability of Seasonal Ice Cloud Occurrence and Altitudes

The frequency distributions of Figure 7 are histograms of logarithmic bin width 0.05 for backscatter and of 1°C
bin width for temperature. Each histogram bin provides the number of nighttime backscatter measurements
in the indicated backscatter and temperature ranges, normalized by the number of profiles that contributed
to the histogram. As indicated in the figure, for NH midlatitude ice clouds, temperature-backscatter combi-
nations of between —40 and —50°C and about 10-2 km~" sr~' (corresponding to an extinction of about 0.2
km~") are most frequent. The posteruptive distributions are very similar to the 8 year means. The contour
lines indicate the interannual variability (standard deviation) present in the backscatter-temperature distribu-
tion entries (bottom row) and the posteruptive deviation from the mean (top row). None of the posteruptive
backscatter-temperature bins lies outside of three standard deviations of the 8 year mean, so there is no
indication of a significant posteruptive modification of ice cloud residence altitudes in the NH midlatitudes.

Figure 9 compares the posteruptive deviations in ice occurrence frequencies with the amount of interannual
variability in ice occurrence on a 3° x 3° grid. The threshold temperature used was —40°C. As indicated by the
standard deviations in the bottom row, the interannual variability is highest over the tropical pacific in SON
and DJF, which is a signature of the El Nifo-Southern oscillation, and lowest in subtropical regions with low ice
cloud occurrence, such as the summertime Southern Hemisphere subtropical Indian Ocean. The deviations of
the posteruptive seasons (as shown in the middle row) from the 8 year mean (top row) have been smoothed by
a nearest neighbor running mean to improve the readability. For each season, the posteruptive deviations in
ice cloud occurrence generally fall within one standard deviation of the 8 year mean. None of the posteruptive
deviations fall outside of three standard deviations from the 8 year mean in any season.

There may be instances when CALIOP measurements of clouds, in particular of thin cirrus clouds, can be
misclassified as aerosol by the CALIPSO level 2 CAD algorithm. To investigate whether our results are affected
in this manner, we have studied the backscatter and depolarization distributions of the CALIOP measure-
ments that were classified as “aerosol” in the CALIPSO level 2 aerosol profile product version 3 provisional
(L2 APro). All CALIOP signal returns other than from “clear air” or from the surface are classified as either
“aerosol” or “cloud” by the CAD algorithm. Aerosol measurements are provided in the L2 APro product,
while cloud measurements are in the L2 CPro product. Therefore, if significant amounts of thin cirrus clouds
were misclassified in a posteruptive season, this would show up in the aerosol backscatter-depolarization
histograms of that season. Figure 10 shows backscatter-depolarization distributions of CALIOP nighttime
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Figure 10. Seasonal distributions of aerosol backscatter and depolarization of CALIOP nighttime measurements taken
between 40 and 65°N for years 2010-2013 at temperatures below —40°C and CAD scores between —70 and —100. The
UTLS was largely volcanically unperturbed in all seasons of 2010-2013 except for the Nabro posteruptive period

(JJA 2011 to MAM 2012). Each backscatter-depolarization histogram is normalized by the highest number of counts
occurring in its bins: dark red histogram pixels correspond to 90-100% of the highest number of counts, while dark
blue pixels correspond to 0-10% of that value. The numbers in the panels indicate season and year, the number of
measurements (just below), and the number of profiles that contributed to the histogram.

aerosol measurements taken between 40 and 65°N for years 2010-2013 at temperatures below —40°C and
CAD scores between —70 and —100 (i.e., high confidence in the classification as aerosol). We present this time
period because the UTLS was largely volcanically unperturbed in all seasons of 2010-2013 except for the
Nabro posteruptive period (JJA 2011 to MAM 2012), see Figure 2. In Figure 10, each backscatter-depolarization
histogram is normalized by the highest number of counts occurring in its bins. Dark red histogram pixels
correspond to 90-100% of the highest number of counts, while dark blue pixels correspond to 0-10% of
that value. As in Figures 4-6, the numbers in the panels of Figure 10 indicate season and year, the number
of measurements (just below), and the number of profiles that contributed to the histogram. Typical lidar
depolarization ratios observed for thin cirrus clouds at temperatures below —40°C are 0.35 + 0.1 [Sassen and
Benson, 2001] and typical backscatter values are below 1073 km~' sr~'. Figure 10 shows no changes in the
thin cirrus region thus defined in the posteruptive seasons of JJA 2011 to MAM 2012 as compared to the
corresponding volcanically quiescent seasons. Rather, JJA 2011 is somewhat shifted toward lower depolari-
sation ratios because comparatively large amounts of sulfate droplets from the Nabro eruption (which have
depolarisation ratios well below 0.1) are detected in that season, so relatively more aerosol measurements at
low depolarisation ratios were made in JJA 2011 than in JJAs of other years. In a similar manner, we have inves-
tigated the backscatter-depolarization distributions of 15-40°N and 15°S-15°N and have not found signifi-
cant amounts of cirrus cloud measurements misclassified as aerosol in those latitude bands either. Moreover,
we found no systematic misclassifications of thin cirrus clouds as aerosol in the CALIPSO browse images of the
posteruptive seasons.

5. Conclusions

We have analyzed 8 years of CALIPSO backscatter and extinction data characterizing ice clouds and find that
the June 2011 eruption of the Eritrean Nabro Volcano did not cause a statistically significant modification
of the optical properties (total backscattering and extinction), occurrence frequencies, or residence altitudes
of ice clouds on a global scale, even in the uppermost troposphere. We conclude that the eruption had no
significant volcanic aerosol-ice cloud radiative effect in the four seasons following it.
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According to classical homogeneous nucleation theory, the largest droplets of any sulfate aerosol popula-
tion are the ones to freeze first [Pruppacher and Klett, 1997; Kdrcher and Lohmann, 2002; Cirisan et al., 2013].
Simulations of the Nabro sulfate plume performed with the global chemistry-climate model SOCOL-AER
[Sheng et al., 2015] indicate that the number densities of the largest sulfate aerosol droplets (~0.1pm)
increased by a factor of 3-4 in the NH midlatitude tropopause region at the lower edge of the plume (and
by more than a factor of 10 at higher altitudes) in the months following the Nabro eruption. These increases
are consistent with measurements of aerosol number densities made over Laramie (41°N), Wyoming made
on 1 June, 28 July, and 4 November 2011 (supporting online material of Bourassa et al. [2012]). In view of such
a large increase in sulfate aerosol abundance in ice-forming air masses, our results suggest that the optical
properties of ice and cirrus clouds are at most weakly dependent on the sulfate droplet number density and
size. This is in agreement with the analysis of Luo et al. [2002] and with the simulations of Jensen et al. [1994]
who found that temperature and cooling rates are the main determinants of ice crystal number density.

Our study does not exclude the possibility of local ice cloud modifications like those observed by Sassen
[1992]. CALIPSO’s inherent resolution is 30 m vertically and about 70 m horizontally, corresponding to the
diameter of the lidar's ground footprint. The L2 CPro data employed in this study are provided at a resolution of
60 m vertically and 5-80 km horizontally. In order to avoid sampling artifacts and reduce interannual variabil-
ity, we have evaluated the L2 CPro data on coarse 3° x 3° grids or as zonal means. While ice cloud modifications
on scales below this resolution cannot be excluded, they would have been locally limited effects.
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