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[1] Volcanic emissions may have the potential to alter cirrus cloud properties. Here we
conduct different sensitivity studies with the ECHAM4 general circulation model for
2.5 years after the Mount Pinatubo eruption (July 1991 to December 1993) and compare
homogeneous cirrus formation caused by sedimenting sulfate particles produced in the
eruption plume with homogeneous cirrus formation in the undisturbed atmosphere. In the
first scenario, the sulfate aerosol mass from Pinatubo is added to the background
aerosol concentration assuming a monomodal aerosol. Here the aerosol concentration
increases by up to 3000 cm > in 1992, which can be regarded as an upper limit more
representative for the first months after the eruption. The ice crystal number concentration
increases by up to 1 cm ™ near the tropical tropopause more than doubling the pre-existing
concentration in this region one year after the eruption. In the second, more realistic,
scenario the Pinatubo aerosol is added to a bimodal background size distribution as a
separate large particle mode. Here the aerosol number concentration increases by 10-25
cm >, which can be regarded as a lower bound more representative for what has been
observed in 1992. Then the ice crystal number increases at most 50% in the tropics in
1992. Satellite observations show an increase in ice water path starting in 1992 that could
be related to either the Mount Pinatubo eruption or the El Nifio event or both but a
decrease in total cloud cover. While there is no trend on cloud microphysical or optical
properties in our second scenario, the first scenario shows a pronounced increase in ice

water path and a noticeable impact on cloud radiative forcing.
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1. Introduction

[2] Cirrus clouds are crucially important to global radia-
tive processes and the thermal balance of the Earth. Cirrus
clouds mainly contribute to the cloud greenhouse effect
because of their high altitude and their much lower temper-
ature as compared to the underlying surface and their
relatively small optical depth. As the optical depth
increases, these clouds become opaque to upwelling terres-
trial radiation quicker than they become reflective to solar
radiation; that is, their greenhouse effect dominates over
their albedo effect [e.g., Ackerman et al., 1988]. Numerical
predictions of climate change must correctly simulate these
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clouds and their seasonal and annual variations to properly
account for radiometric effects in the Earth’s energy budget.

[3] Concerns have been raised about the potential of
anthropogenic emissions of aerosols and their precursors
to modify cirrus clouds. For instance, aircraft particle
emissions (mainly black carbon and sulfate aerosols) may
modify cirrus cloudiness [Boucher, 1999; Penner et al.,
1999]. New results suggest an impact of contrails on
regional scale surface temperatures [7ravis et al., 2002]. A
related question that needs to be addressed is: How impor-
tant are indirect effects of volcanic aerosols on cirrus clouds
[Robock, 2002]?

[4] Wang et al. [1995] evaluated Stratosphere Aerosol
and Gas Experiment (SAGE) data and polar stratospheric
clouds sighted by the Stratospheric Aerosol Measurement
(SAM) II following the El Chichdn eruption in 1982. They
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concluded that volcanic aerosols reduce the cloud effective
radius and, in turn, alter the frequency distribution of the
cloud extinction coefficient. On the contrary, Wylie and
Menzel [1999] analyzed 8 years, from 1989 through 1997,
of global cirrus cloud statistics from the High-Resolution
Infrared Radiation Sounder (HIRS). They concluded that
the HIRS data did not show a real noticeable change in
cirrus clouds after the Mount Pinatubo eruption.

[5] Luo et al. [2002] analyzed three satellite-based cirrus
data sets produced by International Satellite Cloud Climatol-
ogy Project (ISCCP), the split-window analysis and the
Improved Initialization Inversion. They found that the Mount
Pinatubo volcanic aerosol did not have a significant system-
atic effect on cirrus cloud coverage and brightness tempera-
ture difference, which is a surrogate for cloud optical
thickness. Therefore they conclude that previous studies that
showed some changes must have found isolated local effects
and that aerosol-cirrus-radiative interactions do not lead to
significant climate feedbacks.

[6] In contrast to these controversial satellite studies,
simulations from models of different complexity have sug-
gested an effect of the Pinatubo aerosol on cirrus clouds.
Jensen and Toon [1992] used a detailed microphysical model
to simulate the volcanic effects on cirrus cloud microphysics.
Using homogeneous freezing rates that were state-of-the-art
at that time, they concluded that sedimenting volcanic aero-
sols have the potential to significantly alter the properties of
cirrus clouds that form in slow updrafts. They find that after
the Mount Pinatubo eruption the ice crystal concentration is
increased fivefold compared to unperturbed conditions.

[7]1 Kdrcher and Lohmann [2002b] derived an approxi-
mate, physically based parameterization of cirrus cloud
formation by homogeneous freezing including the effects
of aerosol size. The parameterization is validated using an
adiabatic parcel model. Excellent agreement is reached in the
fast growth regime, where only a few aerosols are activated.
Here the particles rapidly grow to ice crystal size losing the
information on their initial size. The fast growth regime is
characterized by low updraft velocities and high temper-
atures. At high vertical velocities and cold temperatures,
freezing can occur in sudden bursts activating many aerosols.
As the aerosols compete for the available water vapor, they
grow slower and do not become as large, leading to a marked
dependence on the initial aerosol size. Using this parameter-
ization, Kdrcher and Lohmann [2002b] reproduced the
Pinatubo calculations by Jensen and Toon [1992] using a
parcel model. The newer freezing rates that have become
available since then together with new observations showing
larger supersaturations with respect to ice than assumed by
Jensen and Toon [1992] decrease the effect of volcanic
aerosols on ice crystal concentration such that the ice crystal
number concentration is only increased by 23%.

[8] Liu and Penner [2002] studied the effect of the sulfate
aerosol from Mount Pinatubo on ice nucleation in the upper
troposphere using a global chemistry and transport model
(CTM). They concluded that large homogeneous ice nucle-
ation rates of the Mount Pinatubo sulfuric acid aerosol are
found at the bottom of the aerosol layer during the first year of
eruption and therefore the Pinatubo sulfate aerosol could
have influenced cirrus formation and evolution globally.
However, they used a simplified parameterization of homo-
geneous ice nucleation that is not linked to a cloud scheme,
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and therefore they cannot make any statements beyond
nucleation rates. As the number of ice crystals that form in
a given updraft is not directly governed by the nucleation rate
itself [Kdrcher and Lohmann, 2002a], a change of the rate by
many orders of magnitude does not necessarily result in a
dramatic change of the number of ice crystals formed.

[o] In this paper, we introduce the above-mentioned pa-
rameterization of homogeneous freezing of supercooled
solution droplets including aerosol size effects by Kdrcher
and Lohmann [2002b] into the ECHAM4 general circulation
model (GCM) [Roeckner et al., 1996] to investigate the effect
ofthe Mount Pinatubo eruption on homogeneous cirrus cloud
formation on a global scale. Whereas the CTM by Liu and
Penner [2002] cannot account for the effects of the Pinatubo
aerosol on cirrus clouds, the ECHAM4 GCM solves prog-
nostic equations for the cloud ice mass mixing ratio and ice
crystal number concentration. With that we are able to
investigate aerosol effects on cirrus cloud microphysical
and optical properties. The new parameterization of homo-
geneous freezing including aerosol size effects and the
treatment of aerosols and clouds in ECHAM4 is briefly
explained in the next section. Validation with observations
is discussed in section 3. To investigate the effect of the
Mount Pinatubo eruption on different cirrus cloud properties,
different sensitivity simulations following its eruption in June
1991 are evaluated in section 4. Section 5 summarizes the
results and concludes this paper.

2. Model Description and Experimental Design
2.1. Treatment of Aerosols and Clouds in ECHAM4

[10] The ECHAM4 model used in this study is a modified
version based on Lohmann and Kdrcher [2002]. Prognostic
acrosol variables are mass mixing ratios of sulfate (SOy),
methane sulfonic acid (MSA), hydrophilic and hydrophobic
organic carbon (OC), hydrophilic and hydrophobic black
carbon (BC), submicron and supermicron dust (0—1 pm and
1-2 pm), and submicron and supermicron sea salt (0—1 pm
and 1-10 pm). Transport, dry and wet deposition, and
chemical transformations of the aerosols and gaseous pre-
cursors are calculated on line with the GCM [Feichter et al.,
1996].

[11] The total number of hygroscopic aerosols, N,, that is
used as the upper bound for the number of homogeneously
frozen haze droplets, »;, is obtained by assuming an exter-
nally mixed aerosol,

Nu = Nyeasar + Ng}gl + Ng}gl + Naust + NS04 + Nusa- (1)

We convert the mass of each aerosol component into an
aerosol particle number assuming a separate lognormal
distribution, density, variance, and a mode radius typical for
each species. We use the aerosol densities as described by
Hess et al. [1998]. Previously, we also used the aerosol
climatology from Hess et al. [1998] for mode radii and
variances for each aerosol type. However, we found that it
leads to an underestimation of aerosol particles in the upper
troposphere [Lohmann and Kdrcher, 2002] probably caused
by too large aerosol mode radii and too large variances
[Lesins and Lohmann, 2003]. Therefore we now assume that
the aerosols fall in four size categories, which are represented
by lognormal distributions. Mode radii and standard devia-
tions are globally prescribed and change for the two smallest
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size categories with altitude as observed by DeReus et al.
[2001] and Schrdder et al. [2002]. Carbonaceous aerosols fall
into the smallest size class in accordance with the aerosol
climatology described by Hess et al. [1998]. They are
assumed to have a mode radius increasing from 0.03 pm
below 4 km [DeReus et al., 2001] to 0.05 pm above 10 km
[Schrider et al., 2002] and a standard deviation between 1.55
and 1.8. Ammonium sulfate, methane sulfonic acid, and
submicron seasalt fall into the second smallest category, with
a vertically uniform standard deviation of 1.5 and a mode
radii decreasing from 0.08 pm below 4 km [DeReus et al.,
2001] to 0.05 pm above 10 km [Schrdder et al., 2002]. The
third size class is the smaller coarse mode with a mode radius
of 0.45 pm and a standard deviation of 1.5 everywhere. It is
assumed to be composed of sea salt and smaller size dust in
ECHAMA4. The fourth size class is comprised of the larger
size dust with a mode radius of 1.9 um and a standard
deviation of 2.15 [Hess et al., 1998]. In the experiments
described in this study the minimum number of aerosol
particles assumed to always be E})resent has been increased
from 1 cm™> to 10 particles cm ™ in better accordance with
observations [Minikin et al., 2003].

[12] The prognostic cloud variables are the mass mixing
ratios of cloud liquid water and cloud ice and the number
concentrations of cloud droplets and ice crystals, as de-
scribed by Lohmann and Kdrcher [2002]. Fractional cloud
cover is diagnosed from relative humidity following
Sundqvist et al. [1989]. We replaced the autoconversion
rate of cloud droplets to form rain drops and the accretion
rate of cloud droplets with rain drops by Beheng [1994]
with the rates by Khairoutdinov and Kogan [2000] because
the dependence of the autoconversion rate on liquid water
content in the Khairoutdinov and Kogan [2000] scheme is
in better agreement with solving the stochastic collection
equation using different observed cloud droplet distribu-
tions [Wood, 2002]. We also introduced the improved
calculation of the effective longwave cloud fraction and
the maximum-random overlap of clouds by Rdisdnen
[1997] in this version.

[13] In the reference simulation HOM, the number of
newly frozen ice crystals at temperatures below —35°C
is obtained from the parameterization by Kdrcher and
Lohmann [2002a],

my, [ by g 1Ser w
]vi =min|— = ;Na ) 2
mln|: p,- <27Yb1) ay + a3SC, \/"T’ ( )

where m,, is the molecular weight of water, p; is the ice
crystal density (= 925 kg m ), S, is the critical
supersaturation where freezing commences, w is the updraft
velocity, T o l/w is the characteristic timescale of the
nucleation event, and a;, a, = 1/Ny;, az, by < Ny; (S, — 1),
and b, are temperature-dependent variables explained by
Kdrcher and Lohmann [2002a]. Finally, Ny(T') denotes the
water vapor number density at ice saturation. Recall that N;
is limited by the number of hygroscopic aerosol particles
N,. Equation (2) does not take the effects of aerosol size on
N; into account.

[14] When aerosol size effects are introduced, the freez-
ing/growth term becomes considerably more complicated.
Here we only reproduce the number of ice crystals formed
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by homogeneous freezing assuming a monodisperse aerosol
particle size distribution,

Ny (T
]Vf o8 aISch ( ) )
im(r0)

3)

where R; ,,, (7o) is the monodisperse freezing/growth integral
as explained by Kdrcher and Lohmann [2002b] that
depends on the initial particle radius ry.

[15] The parameterization scheme considers a multimodal
aerosol size structure, with an arbitrary number of modes
each of which characterized by a lognormal distribution
curve. Consequently, the parameterization is called by
ECHAM4 with the mean number radius of the freezing
particles prior to freezing, along with a total number density
and a geometric width for each mode. We consider either a
bimodal or trimodal aerosol size distribution as explained in
the next subsection.

[16] In the fast growth regime, the number of ice crystals
is proportional to the vertical velocity w*? and inversely
proportional to temperature via the dependence of saturation
vapor pressure over ice on temperature. Here, the number of
ice crystals is independent of the initial aerosol size. Aerosol
size effects are important in the slow growth regime
characterized by high vertical velocities and cold temper-
atures as discussed by Kdrcher and Lohmann [2002Db].

[17] In ECHAM4, we obtain the mesoscale updraft ve-
locity w needed for ice crystal formation as the sum of the
grid mean vertical velocity and a turbulent contribution
expressed in terms of the turbulent kinetic energy (TKE)
[Lohmann and Kdrcher, 2002],

w =W+ 0.7VTKE. (4)

While this is a crude approximation to account for subgrid-
scale variability of the vertical wind, this choice of the
turbulent contribution in conjunction with the underlying
advective transport scheme leads to a reasonable represen-
tation of relative humidity in ice-supersaturated regions as
shown by Lohmann and Kdrcher [2002].

2.2. Design of the Model Simulations

[18] The reference simulation HOM and the simulation
HOM-Size that includes the parameterization of homoge-
neous freezing with aerosol size effects [Kdrcher and
Lohmann, 2002b] were conducted in T30 horizontal reso-
lution with 19 vertical levels and a 30-min time step over a
period of 3 years after an initial spin-up of 3 months using
climatological sea surface temperatures and sea ice extent.

[19] To investigate the sensitivity of the Mount Pinatubo
eruption on cirrus clouds, we performed two sensitivity
experiments. In the model an initial volcanic cloud mass of
17 Mt SO, is assumed and initialized between 0°N—19°N
and 96°E—118°E and between 21.5 and 29 km according to
satellite observations [Timmreck et al., 2003]. The SO, is
added in an ECHAM4 simulation using the ECHAM4
middle atmosphere (MA) version MAECHAM4 [Manzini
et al., 1997] employing a bulk aerosol model [Timmreck et
al., 2003] and the sulfur cycle described by Feichter et al.
[1996]. These MAECHAM4 simulations were performed in
T30 horizontal resolution (3.75° x 3.75°) with 39 levels in
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the vertical from the surface up to 0.01 hPa covering also
the upper stratosphere and mesosphere, while the standard
ECHAM4 with 19 vertical levels has a model top at 10 hPa.
The vertical resolution in the upper troposphere in
MAECHAM4 with approximately 1.5 km is slightly smaller
than in the standard ECHAM4 (2 km). It is assumed that the
volcanic aerosol is log-normally distributed and monomodal,
although observations after the Mount Pinatubo eruption
[Deshler et al., 1993] report a bimodal volcanic aerosol.
This approximation is accurate enough for modes that
overlap as compared to other model uncertainties [Russell
et al., 1996]. The aerosol size distribution is derived from
the aerosol mass and a simple parameterization based on
observed correlations between aerosol mass and aerosol
surface at Northern Hemisphere midlatitudes according to
Grainger et al. [1995] and a constant standard deviation of
1.86.

[20] The MAECHAM4 results show that the treatment of
the volcanic aerosol with a bulk approach and this simple
parameterization can reproduce some of the observed atmo-
spheric effects after the Pinatubo eruption. However, unre-
alistically large radii are calculated at the beginning of the
simulation due to the direct relationship between mass and
size and the neglect of binary homogeneous nucleation of
H,SO4/H,0. As a consequence, the simulated sedimenta-
tion rate is too large and leads to an overestimation of the
downward transport of the tropical aerosol maximum. Apart
from the first 3 months, the simulated aerosol surface area
density corresponds well with observations in Northern
Hemisphere midlatitudes.

[21] In the first Pinatubo simulation HOM-Pin, we added
the monthly mean Pinatubo sulfate aerosol mass from July
1991 to December 1993, as obtained from the difference
between a simulation with MAECHAM4 that includes the
Pinatubo aerosol as described above and one without
[Timmreck et al., 2003], to our background aerosol mass.
We applied the sulfate aerosol mode radius and standard
deviation used in simulation HOM to obtain the additional
number of aerosols. In the simulation HOM-Size we assume
a bimodal aerosol, consisting of an accumulation mode and
a coarse mode. The accumulation mode aerosol consists of
carbonaceous aerosols, sulfate species, and submicron sea
salt, i.e., comprises the two smallest size classes mentioned
above. The coarse mode corresponds to our third size class
consisting of supermicron sea salt and the smaller size dust.
The largest size dust hardly reaches the upper troposphere
and is therefore neglected for homogeneous freezing. To
obtain the mode radii and standard deviations in each
aerosol size mode, we weight the mode radius and standard
deviation of each log-normally distributed aerosol species
by its number concentration. In the second Pinatubo simu-
lation, HOM-Size-Pin, we assume a trimodal aerosol, by
directly adding the monthly mean Pinatubo aerosol number
concentration and aerosol effective radius from July 1991 to
December 1993 from the MAECHAM4 simulations by
Timmreck et al. [2003]. Aerosol optical depth is only
calculated from the background aerosols.

3. Comparison With Observations

[22] We validated the ECHAM4 model including the
parameterization of homogeneous freezing without aerosol
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size effects (simulation HOM) of Lohmann and Kdrcher
[2002] showing that ECHAM4 captures the observed fre-
quency distribution of supersaturation with respect to ice
and cirrus occurrence as a function of large-scale vertical
velocity at the Atmospheric Radiation Measurements
(ARM) site in Oklahoma. Here we present a few additional
validations from simulation HOM.

[23] The validation of relative humidity of Lohmann and
Kdrcher [2002] used the MOZAIC observations (measure-
ment of ozone on Airbus in-service aircraft) that are mainly
obtained over the North American-European flight corridor.
Since here we want to study the effect of the tropical
volcano eruption Mount Pinatubo in June 1991, we evaluate
the simulated relative humidity with respect to ice with
different relative humidity measurements in the tropics
(within 20°S to 20°N) compiled by Folkins et al. [2002].
They found that different instruments, the MLS satellite
climatology [Read et al., 2001], the radiosondes released as
part of the Southern Hemisphere additional ozonesondes
(SHADOZ) project [Thompson et al., 2003] and different
aircraft data (E. M. Weinstock and K. K. Kelly, personal
communication, 2002), all revealed an increase in relative
humidity above 400 hPa as shown in Figure 1. It is
attributed mainly to detrainment from convective clouds
and may reflect a scarcity in efficient ice nuclei. ECHAM4
is able to capture the first-order effect of increasing relative
humidity with height, but is too moist between 250 hPa and
150 hPa, indicating that detrainment starts too low.

[24] Mace et al [2001] studied the frequency of occurrence
of ice water content, ice water path, ice crystal size, and
number concentration of thin cirrus clouds derived from the
8-mm cloud radar measurements for 1 year of data at the
ARM site in Oklahoma. The ECHAM4 data for this com-
parison are taken from 3 years from the gridpoint closest to
the ARM site and are also restricted to optically thin single
layer cirrus defined as having an emissivity below 0.85 and
not obscured by lower level clouds [Mace et al., 2001]. As
shown in Figure 2, the ice water content and ice water path
frequency distributions are positively skewed, such that high
values of ice water content/path occur less frequently than
low values. ECHAM4 reproduces the observed ice water
path distribution well but fails to predict high ice water
contents. This is an artifact of the coarse vertical resolution
of the model. In order to reproduce the correct ice water path,
the ice water content has to be smaller than observed because
the layers in the upper troposphere are approximately 2 km
thick whereas 50% of the observed clouds are thinner than
2 km [Mace et al., 2001]. The ice crystal effective radius and
ice crystal number concentration are more uncertain param-
eters to be derived from the radar measurements (G. G. Mace,
personal communication, 2002). Nevertheless, the agreement
of the simulated ice crystal size and ice crystal number
concentration histograms for thin cirrus with the observed
ones is remarkable.

[25] Strom et al. [2002] evaluated aircraft data obtained
during the INCA campaign (interhemispheric differences in
cirrus properties from anthropogenic emissions) from Pre-
stwick, Scotland, at 53°N in October/November 2000 and
from Punta Arenas, Chile, at 54°S in March/April 2000 to
better understand cirrus formation. They presented the
vertical velocity as a function of relative humidity with
respect to ice and of the number of ice crystals in clouds
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temperatures above 0°C and with respect to ice below 0°C
from observations within 20°S to 20°N (see text) and from
the reference simulation HOM averaged over 20°S to 20°N.
Horizontal bars for the ECHAM4 data refer to =1 standard
deviation.

above 6 km and with temperatures below 235 K as shown in
Figure 3. To obtain a similar sample size from ECHAM4,
the data for this comparison are taken from the same months
as observed from the whole latitude bands between 50°N—
57°N and 50°S—57°S for 2 years and are also restricted to
clouds with temperatures below 235 K above 400 hPa.
[26] The envelope of the vertical velocity shows the range
of'ice crystal concentrations per relative humidity interval. It
shows that clouds form during updrafts at the highest
relative humidities, hence the highest ice crystal concen-
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trations. During the life cycle of cirrus clouds ice crystals
sediment and aggregate, thus lower ice crystal concentra-
tions occur at lower relative humidities. Below 100%
relative humidity, dominated by downdrafts, the ice crystals
start to sublimate. As the vertical velocity increases, more
ice crystals will freeze homogeneously as discussed by
Kdrcher and Lohmann [2002a], which contributes to the
increase of ice crystal number with increasing relative
humidity. The patterns are comparable for clouds in both
hemispheres.

[27] We present the comparison both for the large-scale
(grid-mean) vertical velocity and the mesoscale vertical
velocity used for ice crystal formation (equation (4)). The
grid-mean vertical velocity is lower than observed because
of the large grid size, but it reflects the underlying large-
scale dynamics. As our vertical velocity for cloud formation
is obtained from the turbulent kinetic energy, it cannot
follow the relative humidity distribution as closely as
the grid-mean vertical velocity. Therefore the mesoscale
vertical velocity does not vary with relative humidity
above 110%. As N; depends strongly on vertical velocity
(equation (2)), this comparison stimulates improvements as
to how best to obtain a vertical velocity representative for
cloud formation in future work.

[28] In summary, ECHAM4 reproduces the main proper-
ties of thin cirrus clouds at the ARM site and the tropical
relative humidity distribution. It also captures the distribu-
tion of vertical velocity as a function of ice crystal concen-
tration and relative humidity with respect to ice. Therefore
we feel confident to now investigate the impact of the
Pinatubo aerosol on cirrus clouds.

4. Sensitivity Studies
4.1. Zonal Mean and Geographical Distributions

[20] The trimodal aerosol of the simulation HOM-Size-
Pin is shown in Figure 4 averaged over the year following
the Mount Pinatubo eruption, corresponding to the Pinatubo
aerosol of 1992. Recall that only the sulfate aerosol is
representative of 1992, but we used climatological sea
surface temperature to isolate the effect of the volcanic
aerosol. The accumulation mode aerosol is characterized by
aerosol numbers exceeding 100 cm > below 330 hPa
decreasing to between 10 and 20 cm > above 200 hPa with
mode radii between 0.0375 pm and 0.05 pm. The coarse
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Figure 2. Frequency of occurrence of ice water content (mg m ), ice water path (g m~?), effective ice
crystal radius (um), and ice crystal number concentration (L") from radar data (dotted lines) and from

the reference simulation HOM (solid line).
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) as a function of ice crystal number concentration and relative

humidity with respect to ice (RHi) from observations and from the reference simulation HOM for
Southern Hemisphere data (upper row) and Northern Hemisphere data (lower row) as adapted from Strom
et al. [2002]. Vertical velocity from HOM is divided into large-scale vertical velocity and mesoscale
vertical velocity used for homogeneous freezing (equation (4)).

mode aerosol number concentration is below 0.2 cm ™3

everywhere with a constant mode radius of 0.45 pm (not
shown). The Mount Pinatubo eruption adds between 10 and
25 particles cm > with mode radii of 0.075 pm to 0.3 pm in
accordance with observations by Deshler et al. [1993].

[30] Figure 5 shows the aerosol number concentration
from the simulations HOM and the differences, HOM-Pin —
HOM, HOM-Size — HOM, and HOM-Size-Pin — HOM-
Size averaged over the year following the Mount Pinatubo
eruption. The aerosol number increases by more than
3000 particles cm > in high latitudes and high altitudes
in the first scenario where the Pinatubo aerosol mass is
added to the background aerosol and the background
aerosol mode radius is used to calculate the additional
aerosol number concentration. This increase is reduced to
the observed increase in aerosol particle concentration
between 10 and 30 cm > in the second scenario where
the Pinatubo aerosol number concentration is directly
added. The increase in aerosol number concentration in
HOM-Pin is much larger than in HOM-Size-Pin because
our background aerosol mode radius is 0.05 pm above 200
hPa whereas the mode radius of the Pinatubo aerosol
exceeds 0.15 pm in high latitudes and altitudes (see
Figure 4).

[31] As a result of the applied parameterization to obtain
the aerosol size distribution of the Pinatubo aerosol based on
correlations between aerosol mass and aerosol surface in

MAECHAM4 [Timmreck et al., 2003], the Pinatubo aerosol
radius is overestimated in the first months after the eruption,
which leads to a larger than observed sedimentation rate of
the aerosol particles and an overestimation of the downward
transport in the tropics where the bulk of the aerosol is bound.
Furthermore the aerosol number concentration is underesti-
mated in the first months after the eruption in the
MAECHAM4 simulations [7immreck et al., 2003]. Shortly
after the Pinatubo eruption, new particles formed through
binary homogeneous nucleation, leading to a strong increase
in aerosol number. In the first weeks after the eruption
of Mount Pinatubo an increase of several hundred particles
cm > was found in the concentration of condensation nuclei
in the volcanic layers [Deshler et al., 1992]. After the El
Chichon eruption the observed increase in the aerosol num-
ber was even 1 order of magnitude larger (2500 particles
em ) [Wilson et al., 1983]. Thus HOM-Pin could be
regarded as an upper limit more representative for the first
months after the eruption and the more realistic scenario
HOM-Size-Pin as a lower limit more representative for 1992.

[32] The increase in aerosol number concentration is
more pronounced at high latitudes rather than at the equator
because, in addition to the overestimated sedimentation rate
in the tropics, the meridional poleward transport is over-
estimated in the model. This leads to a shift of the tropical
maximum to higher northern latitudes 3 months earlier than
observed [Timmreck et al., 1999]. Smaller changes in
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(cm ) and mode radii (um) for the trimodal aerosol averaged over the year after the Mount Pinatubo

eruption.

aerosol number concentration between the different simu-
lations, especially in the lower troposphere, are a result from
slight changes in the dynamics between these different
simulations.

[33] The ice crystal number concentration increases up to
0.5 cm " in the zonal mean in HOM-Size as compared to
HOM, which corresponds to a twofold increase at most. It
suggests that these regions are slow growing regimes, which
are characterized by high vertical velocities and cold tem-
peratures, in which aerosol size effects are important for
homogeneous freezing. The ice crystal concentration is up
to 1 cm higher in the zonal mean in HOM-Pin as
compared to HOM indicating that the ice crystal number
concentration in HOM is limited by the number of hygro-
scopic aerosols present. This increase is most significant
between 300 and 450 hPa in the tropics where the ice crystal
number concentration is more than a factor of 10 higher
than in the reference simulation HOM. The increase in ice
crystal concentration, which can be attributed to the increase
in aerosol number concentration from the volcanic eruption,
remains below 50% if HOM-Size-Pin is compared to HOM-
Size.

[34] The Pinatubo aerosol impact on the cloud ice
mixing ratio is less pronounced as on ice crystal number
concentration. While the global annual mean change in
ice water path between HOM-Size and HOM and be-
tween HOM-Size-Pin and HOM-Size is below 0.1 g m 2,
the ice water path in HOM-Pin is increased by 0.4 g m >
in the year after the Pinatubo eruption as compared to

HOM. In this scenario, the cloud ice mixing ratio
increases up to 100% between 500 and 300 hPa and
slightly decreases aloft (see Figure 5).

4.2. Temporal Evolution

[35] Figure 6 shows the temporal evolution of the global
mean aerosol and ice crystal number concentration for
2.5 years starting from July 1991. There is an annual
variation in aerosol number concentration with a maximum
in summer and minimum in winter reflecting the higher dust
and sea salt emissions in summer. As already seen in
Figure 5, the aerosol number concentration hardly changes
between the simulations HOM-Size and HOM, but
increases in both Pinatubo simulations. The large increase
in aerosol number concentration in HOM-Pin is caused by
assuming a monomodal aerosol as discussed above. The
maximum increase in aerosol number concentration occurs
within 12 months after the eruption above 100 hPa and
takes 6 months to reach the troposphere, where its effect is
most noticeable in 1992. The aerosol number concentration
decreases again in 1993. Owing to the applied parameter-
ization of Timmreck et al. [2003], the simulated aerosol
number maximum is correlated with the maximum volcanic
load in contrast to the observation where maximum number
concentrations are found within the first 2 months.

[36] The effect on ice crystal number concentration takes
place in the entire upper troposphere between 100 and
500 hPa in the first Pinatubo simulation. Here the increase
in ice crystal number due to Pinatubo reaches its maximum
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12 months after the eruption between 350 and 400 hPa with
concentrations up to 0.5 cm > higher. In the second sce-
nario, the effect on ice crystal concentration is weaker and
limited to altitudes between 75 and 175 hPa. Here the
increase in concentration remains below 0.3 cm .

[37] The impact of the Pinatubo aerosol on total and high
cloud cover and on ice and liquid water path in the tropics,
averaged over 30°S to 30°N, is shown in Figure 7. Time
series of anomalies of these quantities are also obtained from
various satellite products. Long time series of cirrus clouds
are available from the ISCCP [Rossow and Schiffer, 1999].
The new ISCCP-D2 data set has more than 18 years of cloud
statistics from July 1983 to August 2001. In this data set the

global mean cloud cover has slightly increased from the
ISCCP-C data set by reducing biases in cirrus detection
sensitivity over land and in cirrus cloud properties. ISCCP
data are available for high cloud cover, total cloud cover, and
ice and liquid water path. Anomalies are taken as compared to
the 18-year average from July 1983 to June 2001. The ISCCP
ice water path is derived from the total water path when the
cloud top temperature is below 233 K to isolate cirrus clouds.
Clouds are taken to be liquid when the cloud top temperature
exceeds 263 K. The SAGE satellite observations detect more
high clouds than ISCCP because ISCCP cannot detect cirrus
clouds with optical depths <0.1 [Liao et al., 1995], where
SAGE is especially sensitive [ Wang et al., 1996]. SAGE data
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of high cloud cover span the 17-year period from 1984 to
2000. Special Sensor Microwave/Imager (SSM/I) data [Fer-
raro et al., 1996] of liquid water path are available from 1987
to 1998. However, there are no data for December 1987 and
from July 1990 to December 1991 due to instrument failure.
Thus monthly mean anomalies are with respect to this 10- to
11-year period.

[38] ISCCP shows an upward trend in ice water path and
high cloud cover starting in late 1992 and continuing in
1993 together with a decrease in total cloud cover over this
full 2.5-year period, but a recent study [Luo et al., 2002]
indicates that the change in high cloud cover as seen by
ISCCP is probably an artifact caused by aerosol contami-
nation. The decrease in total cloud amount goes hand in
hand with an increase in outgoing longwave radiation [Chen
et al., 2002]. The origin of these changes, however, is not
understood yet, as it is not captured by GCM simulations
[Wielicki et al., 2002]. No discernible trend is obvious in the
SAGE data time series of high cloud cover.

[39] The liquid water path from ISCCP shows a down-
ward trend starting in the beginning of 1993 whereas
SSM/I shows a decrease in liquid water path starting
already in 1992. If the Pinatubo aerosol had an effect on
the liquid water path, it should be an increased liquid

water path caused by the second indirect aerosol effect.
This refers to an increase in cloud lifetime and cloud water
content due to the higher aerosol concentrations which
result in more and smaller cloud droplets that will not
grow to precipitation size as easily, [e.g., Lohmann and
Lesins, 2002]. Hence the SSM/I trend may rather be
associated with the El Niflo-Southern Oscillation (ENSO)
event or is a result of the global cooling and drying after
the Mount Pinatubo eruption [Soden et al., 2002]. There-
fore we conclude that the impact of the volcanic aerosol is
limited to cirrus clouds.

[40] The larger impact on ice crystal number concentra-
tion in the first scenario than in second scenario is reflected
in the increase in ice water path from HOM to HOM-Pin in
1992 whereas the differences HOM-Size-Pin — HOM-Size
and HOM-Size — HOM show no trend. The trend in ice
water path in the first scenario precedes the observed trend,
probably because of the Pinatubo aerosol sedimenting too
fast and being transported away from the tropics too quickly
as discussed above. As in the observation, there is no
noticeable increase in liquid water path. Neither total cloud
cover nor high cloud cover vary systematically over the
2.5-year period because the impact on ice water path is not
strong enough to cause a significant change in the dynamics
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which, in turn, could alter the relative humidity distribution.
This is the only way to affect cloud cover in ECHAM4 as
mentioned in section 2.1. As these simulations were per-
formed with climatological sea surface temperature, we
cannot reproduce the observed change in dynamics associ-
ated with the 1992 EI Nifio event, which may be responsible
for the decrease in total cloud cover.

[41] The impact of the Mount Pinatubo aerosol on the
longwave and shortwave cloud radiative forcing in the
tropics is shown in Figure 8. The cloud radiative forcing
is defined as the difference in the radiative flux at the top of
the atmosphere between the cloudy and cloud-free atmo-
sphere. Introducing aerosol size effects increases the long-
wave cloud radiative forcing averaged over the tropics by
0.8 W m 2 and enhances the shortwave cloud radiative
forcing by 0.6 W m 2 averaged over the 2.5-year period. It
is caused by the increased reflectivity of the more numerous
ice crystals in HOM-Size. The changes between HOM-Pin
and HOM are in the opposite direction, such that the
longwave cloud radiative forcing is reduced by 0.9 W m >
and the shortwave cloud radiative forcing is 0.8 W m™>
smaller. The liquid and ice water paths both increase slightly
in HOM-Size and in HOM-Pin as compared to HOM over
this entire period in the tropics. This by itself would increase
the cloud radiative forcings as seen in the difference
HOM-Size — HOM. The reduction in longwave cloud
radiative forcing in HOM-Pin as compared to HOM is
caused by the displacement of ice clouds to lower altitudes
(see Figure 5) and the slight overall reduction in total cloud
cover in the tropics (see Figure 8), which both act to trap
less longwave radiation, thus decreasing the longwave
cloud radiative forcing. At the same time, more shortwave
radiation is absorbed in the system, decreasing the
shortwave cloud radiative forcing. The differences in cloud
radiative forcings in scenario 2 between HOM-Size-Pin and
HOM-Size remain below 0.3 W m™2 and show no trend.
These results from this more realistic second scenario of the
effect of the Mount Pinatubo eruption on cirrus clouds agree
with the findings by Luo et al. [2002].

5. Summary and Outlook

[42] We investigated the impact of the Mount Pinatubo
aerosol on ice clouds using the ECHAM4 GCM for two
different scenarios. In the first scenario we added the sulfate
aerosol mass obtained from a bulk aerosol simulation with
MAECHAMA4 to our background aerosol mass assuming a
monomodal aerosol. In the second more realistic scenario,
we assumed that the Pinatubo aerosol adds a third mode to
the bimodal background aerosol by using the Pinatubo
aerosol number concentration and median radius obtained
from the MAECHAM4 simulations. The increase in aerosol
number concentration in the first scenario exceeds the
observed increase after the Mount Pinatubo eruption by
1 order of magnitude, but is in line with aerosol number
concentration increases in the first 2 months after the El
Chichon outbreak. Therefore this scenario can be regarded
as an upper bound more representative for the first months
after the eruption. In the second scenario, which can be
regarded as a lower bound more representative for 1992, the
volcano adds 10-25 particles cm °, in agreement with
observations of particle concentrations after the Mount
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Pinatubo eruption in 1992. This large discrepancy in aerosol
concentration in 1992 between both scenarios shows that
simplified assumptions about the aerosol size distribution as
in the first scenario can have adverse consequences and
points to the importance of using accurate size information
of aerosols for such comparisons.

[43] The impact on ice crystal number concentration is
much smaller, mainly because homogeneous freezing is not
limited by the aerosol number concentration most of the
time and because homogeneous freezing is rather insensi-
tive to the number and size of aerosol particles present. The
main increase in ice crystal number in the second scenario
occurs in the tropics between 100 and 200 hPa in the year
after the Mount Pinatubo eruption and increases the ice
crystal number concentration by at most 50% or 0.5 cm >
as compared to the tenfold increase between 300 and
450 hPa in the first scenario.

[44] We also compared the impact of the Mount Pinatubo
aerosol on quantities derived from satellites, such as ice and
liquid water path and total and high cloud cover. The ISCCP
data show an increase in ice water path starting in late 1992.
ECHAM4 only simulates an increase in ice water path in the
first scenario, which drastically overestimates the observed
aerosol number concentration in 1992. The increase even in
this scenario occurs earlier than observed, starting at the
beginning of 1992. It is probably caused by the higher than
observed sedimentation rate of the Pinatubo aerosol from
the stratosphere into the cirrus layers.

[45] In agreement with the satellite data analysis follow-
ing the Mount Pinatubo eruption by Luo et al. [2002], the
Pinatubo aerosol has no effect on cloud radiative effects in
the second scenario. However, it cannot be ruled out that
large increases in aerosol number concentrations from
tropical volcanic eruptions, such as found after the El
Chichon eruption by Wilson et al. [1983] and for which
our first scenario is representative, emit enough aerosols and
aerosol precursors in the atmosphere to have a noticeable
effect on cloud optical properties.

[46] Massie et al. [2003] found that the frequency of
subvisible cirrus and the magnitude of cirrus extinction near
the tropopause as analyzed from SAGE II and Halogen
Occultation Experiment (HALOE) satellite data decreased
after the Mount Pinatubo eruption. The cirrus extinction
decreased by 30% in qualitative agreement with the 10—
15% decrease in cirrus frequency after the El Chichon
eruption. Because of the coarse vertical resolution near the
tropopause in our model, we could not evaluate changes of
subvisible cirrus in our model simulation. Also, subvisible
cirrus are likely to be influenced by heterogeneous freezing
processes [Kdrcher, 2002], for which a parameterization
scheme for use in ECHAM4 is not yet available.

[47] One shortcoming of our simulations is that we used
climatological sea surface temperature whereas in reality the
Mount Pinatubo eruption was followed by a strong ENSO
event shortly afterwards. We nevertheless chose to conduct
these simulations with climatological sea surface tempera-
ture to isolate the effect of volcanic eruptions on cirrus
clouds. In order to investigate the combined effects of
Mount Pinatubo and ENSO on cirrus clouds and its poten-
tial feedback on climate, coupled atmosphere-ocean simu-
lations need to be carried out. They are beyond the scope of
this paper, but should be conducted in future.
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[48] We also ignored aerosol radiative feedbacks and the
input of water vapor from the volcano in our Pinatubo
simulations. Temperature effects were rather small in the
upper tropical troposphere between 100 and 300 hPa
[Angell, 1997]. Soden et al. [2002] showed that although
the global mean lower tropospheric temperature showed a
peak cooling of 0.5 K nearly 18 months after the eruption,
the effect on the 6.7 pm brightness temperature was small.
Pitari and Mancini [2002] found differences in circulation
patterns such that the downward flux at the tropopause in
middle and high latitudes was increased. These secondary
effects may be important as well and should be analyzed in
future studies.

[49] While we concentrated only on cirrus cloud forma-
tion by homogeneous freezing in this study, heterogeneous
freezing might contribute to the formation of cirrus clouds
under certain atmospheric conditions [DeMott, 2002]. Es-
pecially in the Northern Hemisphere, anthropogenic emis-
sions could lead to cirrus formation by heterogeneous
freezing. Here one probably needs to compare homoge-
neous freezing caused by sulfuric acid from the volcanic
eruption with heterogeneous freezing of the background
atmosphere. In addition to that, in the first few months after
a volcanic eruption, the atmosphere contains ash particles in
addition to sulfur species and these could act as heteroge-
neous ice nuclei. However, given the lack of observations
and the different modes of heterogeneous freezing, it is
more difficult to develop a parameterization that includes
heterogeneous freezing, but this should be accounted for in
future work.
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