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Author response to comments of Referee 1

We thank the referee for taking the time to read the manuscript and for the helpful
feedback. Although we think that many most of the points raised are already described
in the manuscript, it became clear that some clarification is necessary. In response
to Referee 1, along with other revisions in response to Referee 2, we extended the
description of our PSC scheme (Sect. 2.1) and of our evaluation approach (Sect. 2.4).
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We hope that our answers and revisions help to clarify the description. We present our
responses below, with reviewer comments in blue and author responses in black.

The authors present an interesting study of comparison of the model outputs of the
SOCOL model with observations by the satellite-borne lidar CALIOP. The approach
is to test if a CCM without a detailed microphysical model for the formation of PSCs
can be used to calculate PSCs in the polar regions. The advantage of such an ap-
proach is the reduced time for calculations wrt more sophisticated models including
microphysical schemes. To demonstrate the merits and deficits of such an approach
the model output is processed to obtain optical parameters which allow PSC classi-
fication similar to that used by CALIOP. The authors compare the optical constants
measured by CALIOP with those obtained from the SOCOL model. How are these
optical parameters obtained? The authors state “From the simulated SADs and the
assumed microphysical parameters, we calculate the number density and/or radius for
each particle type.”.

The idea of our study is to evaluate the PSCs simulated by SOCOLv3.1 with the help
of backscatter measurements by CALIOP onboard the CALIPSO satellite. For that pur-
pose, we converted the simulated PSCs quantities, namely the SAD of STS, NAT and
ice, into a size distribution and calculated the optical signal CALIPSO would measure.
This is described in Sect. 2.4.

The general procedure is the following: In SOCOL, NAT and water ice are calculated as
soon as the partial pressures of HNO3 and water vapor, respectively, exceed supersat-
uration. From the excess HNOS3 and H20O, the surface area density of NAT and water
ice is calculated. Herein we assume for NAT a fixed radius and a maximum number
density. The latter assumption prevents that all excess HNO3 goes into NAT particles
at the expense of STS formation. This accounts for the fact that NAT and STS clouds
are mostly observed simultaneously (e.g. Pitts et al., 2011). Conversely, for water ice
we assume a fixed number density and calculate the radius from the total ice volume.
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The rationale behind the different treatment of NAT and water ice in the model is the
following: For water ice, the time to reach equilibrium between the gas- and particulate
phase is very short. That means that, once ice has formed, the ice number density
stays quite constant and further cooling leads rather to particle growth than to addi-
tional nucleation. In the case of NAT, however, the equilibrium between the gas and
particulate phase is hardly reached, as shown by observations (Fahey et al., 2001),
and additional particles can nucleate upon further cooling. Therefore, we do not fix
the NAT number density, but the radius, which has been optimized to match observed
sedimentation/denitrification. We are aware that this bulk parameterization is a sim-
plification of the real world, but it helps keeping computational effort low. To various
extents, this is done in most CCMs. Thus, the strongest point of the present analysis
is the comparison with the state-of-the-art satellite data.

The basis for STS droplets are binary H20-H2S04 aerosol particles, whose distribution
is prescribed from a monthly mean observational data record, mainly based on SAGE-
observations. The data record provides SAD, volume density, mean radius and H2SO4
mass of the binary aerosol. STS droplets form in the model when gas-phase HNO3
and H20 is taken up by the binary aerosols, following the expression by Carslaw et al.
(1995). The uptake of HNO3 and H20O leads to a change in aerosol mass, from which
a growth factor of the binary aerosol and therefore the radius of the ternary aerosol can
be calculated.

For all three PSC type we outputted the individual surface area density for each model
grid point. For the present study we used a 12 hourly output frequency.

To mimic the satellite measurements we proceded as follows: From the outputted SADs
of the three PSC types and the above mentioned assumptions on NAT radius and water
ice number density as well as with the STS-radius resulting from the above mentioned
growth-factor for ternary aerosols, we calculate the missing parameter, i.e. the num-
ber density or radius. These quantities are then used in Mie and T-matrix scattering
codes (Mishchenko et al., 1996) to compute optical parameters of the simulated PSCs,
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i.e. R532, d4er0s00 @and BL. As shapes we assume ellipsoids with an aspect ratio of
0.9 (diameter-to-length ratio) for NAT and ice. STS are liquid particles and therefore
assumed to be spherical with a depolarization ratio d,eros01 = 0.

They also state that the radius of the NAT and STS particles is fixed (5 micron for
NAT but we don’t know for STS), and that ice has a variable radius, but we don’t know
how this is obtained. (“The variable radius of ice particles results in a variable §,cos01
value.”). Since the conversion of SAD to particle size distribution and number density
has an important impact on the results, the authors should dedicate a paragraph on
how this is done.

As mentioned above only the radius of the NAT particles is fixed, not the radius of
STS-particles. We noticed that our formulation in the manuscript was indeed very
misleading and rephrased the sentence "STS and NAT, due to their spherical shape
and fixed radius, appear at constant d,..050; -values of 0 and 0.167, respectively." to
"STS (due to their spherical shape) and NAT (due to the assumed fixed radius) appear
at constant d,.,-0s0; -values of 0 and 0.167, respectively.”

Why don’t they use a size distribution for all particles, instead of applying observational
uncertainties to the results of the Mie calculations? This is of course an artificial way to
obtain some scattering of the results but it is not equivalent to using a size distribution.
Also by fixing the radius for NAT, the sedimentation velocity is the same for all NAT
particles, while for a size distribution the sedimentation velocity would be also a distri-
bution. . .. So to my opinion, the inclusion of a size distribution for all PSC particles
would give a more realistic approach and would not make the calculations much more
time consuming.

Thanks for the question. The reason for adding the noise level of the satellite data to
the results of the Mie and T-matrix calculations is that the satellite observations include
significant uncertainty, i.e. a CALIPSO measurement of even a monodisperse PSC
distribution would show a lot of scatter. To mimic these observational uncertainties we
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added the instrumental noise to our results.

Concerning the distribution of sedimentation velocities, we agree that there might be
better approaches to describe the size distribution of PSC particles. However, the pur-
pose of this paper is not to come up with a microphysically fully consistent PSC size
distribution, but to evaluate and optimize the existing parameterization. Instead of fix-
ing the NAT radius, other models fix the NAT number density (e.g. Wegner et al., 2013,
Nakajima et al., 2016), which results in varying NAT radius and sedimentation veloci-
ties. However, the value for NAT number density is the model dependent and acts as
tuning parameter. In reality, the actual value for NAT number density is far from being
constant, because the active sites for NAT nucleation themselves show a wide distri-
bution of efficacies (Hoyle et al., 2013). Therefore, we follow a different approach and
choose a NAT radius to reasonably simulate the observed sedimentation/denitrification
features.

| don’t understand “but at the end of each chemical time step all condensed HNOS3 and
H20 evaporates back to the gas phase.”

This means that the NAT and water ice particles are not themselves prognostic vari-
ables and are not explicitly transported by the model’s advection scheme. This is a
common approach in CCMs. At the end of the chemistry routine, the condensed
HNOS and H20 is returned to the gas phase and the transport occurs via the gas
phase. At the next call of the chemistry scheme, NAT is freshly formed if the partial
pressure of HNO3 exceeds supersaturation, and the particles are re-established within
this equilibrium scheme. The same holds for water ice and the partial pressure of H20.
This procedure prevents numerical diffusion of within and between model grid cells of
HNOS and H20, as PSC clouds are regionally limited and show strong gradients. We
will rephrase the sentence for clarification.

References:
Carslaw, K. S., Luo, B. P, and Peter, T.: An analytic expression for the composition of
C5

aqueous HNO3-H2S04 stratospheric aerosols including gas-phase removal of HNO3,
Geophys. Res.Lett., 22, 1877-1880, 1995.

Fahey, D. W., Gao, R. S., Carslaw, K. S., Kettleborough, J., Popp, P. J., Northway,
M. J., Holecek, J. C., Ciciora, S. C., McLaugh-lin, R. J., Thompson, T. L., Winkler, R.
H., Baumgardner, D. G., Gandrud, B., Wennberg, P. O., Dhaniyala, S., McKinney, K.,
Peter, T., Salawitch, R. J., Bui, T. P, Elkins, J. W., Webster, C. R., Atlas, E. L., Jost, H.,
Wilson, J. C., Herman, R. L., Kleinbéhl, A., and von Kénig, M.: The detection of large
HNO3-containing particles in the winter arctic stratosphere, Science, 291, 1026—1031,
https://doi.org/10.1126/science.1057265, 2001.

Hoyle, C. R., Engel, 1., Luo, B. P., Pitts, M. C., Poole, L. R., Groof3, J.-U., and Peter, T.:
Heterogeneous formation of polar stratospheric clouds- Part 1: Nucleation of nitric acid
trinydrate (NAT), Atmos. Chem. Phys., 13, 9577—9595, https://doi.org/10.5194/acp-13-
9577-2013, 2013.

Nakajima, H., Wohltmann, I., Wegner, T., Takeda, M., Pitts, M. C., Poole, L. R,
Lehmann, R., Santee, M. L., and Rex, M.: Polar stratospheric cloud evolution and
chlorine activation measured by CALIPSO and MLS, and modeled by ATLAS, Atmos.
Chem. Phys., 16, 3311-3325, https://doi.org/10.5194/acp-16-3311-2016, 2016.

Pitts, M. C., Poole, L. R., Dérnbrack, A., and Thomason, L.W.: The 2009-2010 Arctic
polar stratospheric cloud season: a CALIPSO perspective, Atmos. Chem. Phys., 11,
2161-2177, hitps://doi.org/10.5194/acp-11-2161-2011, 2011.

Wegner, T., D. E. Kinnison, R. R. Garcia, and S. Solomon (2013), Simulation of
polar stratospheric clouds in the specified dynamics version of the whole atmo-
sphere community climate model, J. Geophys. Res. Atmos., 118, 4991-5002,
doi:10.1002/jgrd.50415.

Interactive comment on Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2020-102,
2020.

C6



