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A polar stratospheric cloud parameterization for the
global modeling initiative three-dimensional model
and its response to stratospheric aircraft

D. B. Considine,"? A. R. Douglass,? P. S. Connell,* D. E. Kinnison,*?
and D. A. Rotman*

Abstract. We describe a new parameterization of polar stratospheric clouds (PSCs)
which was written for and incorporated into the three-dimensional (3-D) chemistry
and transport model (CTM) developed for NASA’s Atmospheric Effects of Aviation
Project (AEAP) by the Global Modeling Initiative (GMI). The parameterization

was designed to respond to changes in NO, and H20 produced by high-speed civilian
transport (HSCT) emissions. The parameterization predicts surface area densities

(SADs) of both Type 1 and Type 2 PSCs for use in heterogeneous chemistry
calculations. Type 1 PSCs are assumed to have a supercooled ternary sulfate
(STS) composition, and Type 2 PSCs are treated as water ice with a coexisting
nitric acid trihydrate (NAT) phase. Sedimentation is treated by assuming that the
PSC particles obey lognormal size distributions, resulting in a realistic mass flux
of condensed phase HoO and HNO3. We examine a simulation of the Southern
Hemisphere high-latitude lower stratosphere winter and spring seasons driven by
temperature and wind fields from a modified version of the National Center for
Atmospheric Research (NCAR) Middle Atmosphere Community Climate Model
Version 2 (MACCM2). Predicted PSC SADs and median radii for both Type 1
and Type 2 PSCs are consistent with observations. Gas phase HNO3 and HyO
concentrations in the high-latitude lower stratosphere qualitatively agree with
Cryogenic Limb Array Etalon Spectrometer (CLAES) HNO3 and Microwave Limb
Sounder (MLS) H,0 observations. The residual denitrification and dehydration of
the model polar vortex after polar winter compares well with atmospheric trace
molecule spectroscopy (ATMOS) observations taken during November 1994. When
the NO, and HyO emissions of a standard 500-aircraft HSCT fleet with a NO,
emission index of 5 are added, NO, and H30O concentrations in the Southern
Hemisphere polar vortex before winter increase by up to 3%. This results in earlier
onset of PSC formation, .denitrification, and dehydration. Active Cl, increases and
produces small (~1%) decreases in lower stratospheric vortex Og concentrations

during the spring relative to the HSCT-free run.

1. Introduction

The potential effects of a fleet of high-speed civil-
ian transports (HSCTs) on the atmosphere have tra-
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ditionally been evaluated using two-dimensional (2-D)
models of stratospheric photochemistry and dynamics
[Stolarski et al., 1995]. These evaluations have been
criticized primarily because 2-D models have highly pa-
rameterized descriptions of important atmospheric fea-
tures such as the winter polar vortex. These models
might therefore not respond to HSCT emissions in the
same manner as the atmosphere, resulting in incorrect
predictions of HSCT effects.

The Global Modeling Initiative (GMI) of NASA’s At-
mospheric Effects of Aviation Project (AEAP) was or-
ganized to respond to these concerns. Its goal is to
create a three-dimensional (3-D) model capable of as-
sessing the possible effects of aircraft on the atmosphere
[Rodriguez, 1996]. Ultimately, a 3-D model should pro-
vide a better prediction of the impact of HSCT emis-
sions than a 2-D model does, due to its more physically
correct representation of some atmospheric processes.
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However, the use of 3-D models as assessment tools is
still in its infancy. While the 3-D model created by the
GMI participated in the most recent aircraft assessment
conducted by the AEAP, its simulation of the natural
atmosphere and its response to aircraft emissions are
yet to be fully evaluated.

HSCT emissions will increase the amounts of H,O
and NO, in the cold polar vortices, possibly increas-
ing the frequency of occurrence of polar stratospheric
clouds (PSCs). This could produce increased activa-
tion of chlorine and destruction of O3 [Peter et al., 1991;
Pitari et al., 1993; Considine et al., 1994]. The PSC pa-
rameterization in a model designed to assess the effects
of HSCT emissions must therefore respond realistically
to those emissions. To be realistic, the PSC parame-
terization must consider the primary physical processes
controlling the occurrence of PSCs, which include parti-
cle nucleation, condensation and evaporation, and sed-
imentation [Peter, 1997; Turco et al., 1989]. However,
3-D models demand more computer resources than do
2-D models, due to a larger number of model grid points
and (typically) time steps during the day. It is currently
not practical to treat PSC processes in a 3-D assessment
model using a sophisticated particle size-resolving mi-
crophysical treatment such as that of Pitari et al. [1993]
or Larsen [1991].

In this paper we describe the PSC parameterization
written for and implemented in the GMI model. It
responds to HSCT emissions and considers the PSC
processes mentioned above in a relatively simple and
straightforward way. We show that with this param-
eterization the model simulation of the polar winter
and spring lower stratosphere compares reasonably well
with observations. We focus in particular on the pre-
dicted denitrification and dehydration of the polar vor-
tex, which has received little attention in previous stud-
ies. We then present the response of the model Southern
Hemisphere to the addition of HSCT emissions.

Section 2 briefly describes the version of the GMI 3-
D chemistry and transport model (CTM) used in this
study. Section 3 outlines the PSC parameterization in
detail. Section 4 discusses the data used to evaluate
the model performance. Section 5 sketches the model
runs conducted for this study. Section 6 examines the
model output in some detail and compares it with ob-
servations. Section 7 characterizes the response of the
model Southern Hemisphere high-latitude region to air-
craft emissions. A summary and some conclusions are
then presented in section 8. '

2. The GMI 3-D CTM

The GMI 3-D CTM will be described in detail in a
forthcoming publication (D. Rotman et al., manuscript
in preparation, 1999). Here we present a brief descrip-
tion which is sufficient for the purpose of this paper.
The model was designed with the idea that it would be
the primary tool of a science team organized to inves-
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tigate the aircraft emissions problem. It is thus config-
ured to facilitate swapping of program modules which
might have similar functions but different formulations,
allowing easy testing and intercomparison. Modules are
contributed by science team members and are incorpo-
rated into the model by a core group of scientists who
are currently at the Lawrence Livermore National Lab-
oratory. For instance, three different chemical integra-
tors were tested in the model, including SMVGEAR 1II
[Jacobson, 1995], and two fast solvers [Ramarosen et al.,
1992; Granier and Brasseur, 1991]. The relative sim-
plicity of changing chemical integrators allowed the use
of SMVGEAR 1II as a standard against which the oth-
ers could be evaluated in an “operational” setting (P.
S. Connell et al., manuscript in preparation, 1999).

Three sources of the meteorological data used to
drive the model are available: (1) the Goddard Space
Flight Center (GSFC) Goddard Earth Observing Sys-
tem (GEOS-1) Data Assimilation System [Schubert et
al., 1993], (2) the Goddard Institute for Space Stud-
ies General Circulation Model II' (GISS II') [Koch and
Rind, 1998], and (3) a modified version of the Na-
tional Center for Atmospheric Research (NCAR) Mid-
dle Atmosphere Community Climate Model Version 2
(MACCM2) [Bowille, 1995]. In all cases constituents
are transported using the Lin and Rood [1996] advec-
tion scheme. The integrations described in this paper
use output from MACCM2. The reasons for this choice
are described in [Douglass et al., 1999].

The horizontal resolution of the MACCM2 is 5.6°
longitude by 2.8° latitude. The output fields were in-
terpolated to the standard 5° by 4° grid of the GMI
model. The GMI model adopts the 44 vertical levels of
the MACCM2. The vertical resolution is ~ 1 km at the
tropopause, degrading to a minimum vertical resolution
of ~2.5 km.

The Southern Hemisphere temperatures from the
standard MACCM2 simulation are 30°-40° too cold,
and the polar night jet is ~ 50 m s™! too strong
compared to observations. Following Brasseur et al.
[1997], the GMI model utilizes a data set from a modi-
fied version of the MACCM2 (MACCMZ2'), which re-
sults in a more realistic simulation of the Southern
Hemisphere high-latitude lower stratosphere. In the
MACCM2' gravity wave parameterization, a source of
gravity waves with non-zero phase speeds was added
to the standard orographically forced zero phase speed
gravity wave source to account for forcing of gravity
waves by shear instabilities, frontal propagation, and
convection. The result of this additional forcing is a
significantly improved Southern Hemisphere simulation.
However, the occurrence of cold temperatures during
the Northern Hemisphere winter is much less frequent
than is observed. Consequently, the Northern Hemi-
sphere winter simulation will not be considered in this
paper.

The GMI model does not predict the concentrations
of H»O in the atmosphere, because of the difficulty of
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representing tropospheric hydrological processes. In-
stead, it uses zonal mean H,O fields which change
monthly. There are two sources for these distributions
depending on whether the simulation is for the present-
day or future atmosphere.

For present-day atmosphere simulations, the H>O
fields are derived from monthly zonal means of mi-
crowave limb sounder (MLS) observations [Lahoz et al.,
1996]. “In regions where no MLS data are available
(above and below the MLS measurement range and
outside of the latitudes observed by the MLS instru-
ment), the GMI H,O distributions are from the output
of a “constrained” version of the the GSFC 2-D model
[Jackman et al., 1996]. The H>O fields in this version
of the GSFC model are set to the MLS monthly zonal
mean values where those data exist but are predicted
by the model chemistry and dynamics outside of those
regions. The MLS data act as a boundary condition
for the portions of the GSFC model domain outside
of the MLS measurement region, and the results are
global HoO distributions consistent with the measure-
ments but predicted by the model chemistry and dy-
namics. For simulations of the future atmosphere the
GMI H,O distributions are taken from a free-running
version of the GSFC 2-D model using surface source
gas boundary conditions appropriate for the simulated
year.

To predict ice surface area densities (SADs), PSC-
induced dehydration, and HSCT response, the GMI
model must use a background H,O distribution that
does not itself show the effects of atmospheric dehy-
dration processes. The GSFC 2-D model simulations
of future atmosphere HoO concentrations were there-
fore made without the model PSC parameterization.
We replaced the dehydrated regions of the high-latitude
Southern Hemisphere lower stratosphere in the MLS
H,O distributions with an estimate of the HO mix-
ing ratios that would occur at these locations in the
absence of PSC-induced dehydration. We estimated
H20 in the absence of PSC-induced dehydration by
regressing Cryogenic Limb Array Etalon Spectrometer
(CLAES) N»O retrievals [Roche et al., 1996] and MLS
H50 at lower latitudes (-30° - 30°) and pressures be-
tween 46.4 and 2.2 hPa. Low HyO values at high lati-
tudes were then replaced with estimates using the HyO-
N, O relationship. While the approximate conservation
of 2CH4 + H, in the stratosphere suggests CHy as the
logical choice for this procedure, we are more familiar
with CLAES N>O. N,O is a long-lived tracer possess-
ing a compact and approximately linear relationship to
CH,, so its use here is justified.

A zonally symmetric background sulfate aerosol SAD
distribution is also incorporated into the model. This
distribution was constructed from surface area density
estimates obtained from Stratospheric Aerosol and Gas
Experiment (SAGE) II observations of aerosol extinc-
tion in 1995 [Thomason et al., 1997].
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3. PSC Parameterization

The GMI PSC parameterization is designed to pro-
vide a realistic representation of the formation, growth,
evaporation, and sedimentation of PSCs which will re-
spond to aircraft emissions, only without an explicit
treatment of particle microphysics. We describe the
parameterization in detail here as some of its features
differ from current 3-D model PSC treatments as exem-
plified by Chipperfield et al., [1993].

The parameterization calculates SADs for both
Type 1 and Type 2 PSCs. The Type 1 PSC compo-
sition can be set to either nitric acid trihydrate (NAT)
or supercooled ternary sulfate (STS). Numerous recent
studies have indicated that Type 1 PSCs are frequently
STS, so we assume an STS composition in this study
[e.g., Dessler et al., 1999; Carslaw et al., 1994; Drdla
et al., 1994; Del Negro et al., 1997; Massie et al., 1997;
Santee et al., 1998]. Type 2 PSCs are modeled as water
ice with a coexisting NAT phase as described in more
detail below.

Equilibrium vapor pressure relationships and user-
specified supersaturation ratios determine the tempera-
tures at which HNO3 and H,O will condense out of gas
phase into PSCs. Since the gas and condensed phase
HNO3 and H5O concentrations equilibrate immediately,
this may be referred to as a thermodynamically based
(rather than microphysical) calculation.

The parameterization assumes that the mass con-
densed into PSCs is distributed in particles obeying log-
normal size distributions,

N —In® (%)

= Varrin(e) P\ T2m2(e)

where N is the number of aerosol particles per cubic
centimeter, r is the particle radius, r, is the median
particle radius, and In(o) is the standard deviation of
the normal distribution obeyed by the logarithm of the
particle radius, In(r). The user specifies N and o for
each aerosol type. In this case the median radius r,
becomes a variable determined by the condensed phase
mass in a particular grid box. Alternatively, the user
can specify o and r,, which results in a variable particle
number density N. Here N and o are specified for each
aerosol type. Changes in condensed phase mass due
to condensation and evaporation produce variations in
particle size rather than number, which is more physi-
cally realistic.

The rate at which condensed HNO3z and H2O in a
model grid box sediments to lower altitudes is derived
from the aerosol size distribution as described in section
3.3. If the temperatures at these altitudes are above
PSC condensation temperatures, the condensed phase
mass is returned to the gas phase. The condensed phase
constituents are also subject to transport by the model
wind fields, so particle fall velocities are relative to the
air mass in which the aerosol particles are located.

N(r) QY
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3.1. Type 2 PSCs

The equilibrium vapor pressure of HoO over HO ice
is calculated using the work of Marti and Mauersberger
[1993]. Type 2 PSCs form when the ratio between the
ambient H,O vapor pressure and the equilibrium va-
por pressure exceeds a supersaturation ratio, which is
currently set to 1.4. This corresponds approximately
to a 2° supercooling, consistent with the estimates of
Tabazadeh et al. [1997].

In this study the ice aerosol size distribution is spec-
ified with N = 0.01 ice particles cm™3 and o = 1.6.
These values are consistent with Forward Scattering
Spectrometer Probe (FSSP) size distribution measure-
ments made in Type 2 PSCs by the NASA ER-2 aircraft
during the Airborne, Arctic Stratospheric Experiment
(AASE) mission in January 1989 [Dye et al., 1992].
Type 2 PSCs are apparently the only particles in the
stratosphere which grow large enough to carry signifi-
cant amounts of HNO3 or HoO out of the stratosphere
through sedimentation. Thus the observed widespread
denitrification of the Antarctic polar vortex [Rinsland et
al., 1996; Santee et al., 1998; Fahey et al., 1989] suggests
that large amounts of HNOg3 are being transported out
of the stratosphere by Type 2 PSCs. The mechanism by
which this is accomplished is currently not understood
[Peter, 1997).

Leu [1988] and Hanson [1992] both measured rapid
uptake of HNO3 on laboratory ice surfaces, consistent
with a mass accommodation (sticking) coefficient of 0.3.
Hanson also noted that the vapor pressures over the
HNOg layer were initially too high to be consistent with
a NAT composition, but on timescales of several hours
the vapor pressures over HNO3/H,O coatings on ice
were consistent with NAT. We therefore assume that

“a NAT phase cocondenses with the ice particles when
Type 2 PSCs form, so HNOj is removed from the gas
phase in accord with the measured equilibrium vapor
pressure of HNOj3; over NAT as given by Hanson and
Mauersberger [1988]. Note, however, that the evapora-
tion of a Type 2 PSC does not leave a Type 1 PSC com-
posed of NAT if an STS composition has been assumed
for the Type 1 PSCs. Instead, the released HNO3 be-
comes incorporated into Type 1 PSCs with an STS com-
position.

3.2. Type 1 PSCs

When a NAT composition is chosen for Type 1 PSCs,
saturation and nucleation temperatures for NAT are de-
termined from the work of Hanson and Mauersberger
[1988] using ambient HoO and HNOj; concentrations,
the local temperature, and a user-specified threshold
supersaturation ratio. The default supersaturation ra-
tio is 10, which corresponds to a supercooling of ~ 3°
and is consistent with .the calculations of Peter et al.
[1991]. Vapor phase H,O concentrations are assumed
to be unaffected by NAT condensation, because the con-
centration of HyO typically exceeds that of HNOj3 by 2
- 3 orders of magnitude.
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When an STS composition is assumed for the Type 1
PSCs (as was the case in this study), the condensed
phase mass is calculated following Carslaw et al. [1995].
The lognormal size distribution for STS is specified by
N = 10 particles cm™2 and o = 1.6. Since N is consis-
tent with the observed total number density of strato-
spheric particles [e.g., Dye et al., 1992], the code effec-
tively assumes that all background liquid binary sulfate
(LBS) aerosol particles swell in response to the uptake
of HNO3 and H;O at cold polar temperatures.

The ambient HoSO,4 concentration is inferred from
the background sulfate aerosol distribution, which
allows feedback between the PSCs and the sulfate
aerosols. At cold temperatures the volume density of
STS aerosol is more sensitive to HNO3; and H5O concen-
trations than it is to HoSO4, so this approach should be
adequate. Also, the inferred HSO4 mixing ratios are in
good agreement with estimates from model calculations
which explicitly treat the sulfur cycle (D. Weisenstein,
personal communication, 1997).

3.3. Sedimentation

The GMI PSC parameterization accounts for sed-
imentation of HNO3 and H,O condensed into both
Type 1 and Type 2 aerosols. The calculation of the
constituent sedimentation flux is consistent with the
size distribution assumptions discussed in sections 3.1
and 3.2. This flux can differ substantially with that
calculated for a monodisperse size distribution. As-
suming a Stokes’ law relationship between particle size
and fall velocity (i.e., the fall velocity is proportional
to the square of the particle radius), we calculate that
the flux of a lognormally distributed sedimenting par-
ticle population is given by J = nw, exp(81n? o), where
J is in units of molecules per unit area per second, n
is the number density of condensed phase molecules of
sedimenting constituent in molecules per unit volume, .
U, is the fall velocity of a particle with a radius equal
to the median radius r, of the size distribution, and
In(c) is defined as in equation (1). This exceeds the
flux from a monodisperse distribution with the same
N and condensed phase volume density V (and hence
a larger radius) by a factor of @ = exp(5In®0). For
o = 1.6, a >~ 3. We use fall velocities calculated by
Kasten [1968] to determine v, from r, and then adjust
to obtain the proper mass fhix.

It should be noted that J is sensitive to o. Increasing
o by 20% increases J by a factor of 2.8, and decreasing
o by 20% decreases J by a factor of 0.45. Since +
20% variations are within observational constraints, we
discuss the sensitivity of our results to a change in ¢ in
sections 6 and 7.

Sedimentation of condensed phase HNOj is straight-
forward because HNOj3 is a transported species in the
model. The condensed phase fraction of the ambient
HNOg distribution calculated by the PSC parameteriza-
tion is simply subjected to an additional vertical trans-
port step with velocity av,. HoO sedimentation is more
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difficult because the GMI code uses a specified rather
than calculated background H»O distribution. Thus it
is necessary to keep track of the amount of HoO which
has condensed and sedimented to other model levels.
We do this by introducing an additional transported
species named “dehyd.” Dehyd is produced when the
condensed phase H»O at a particular grid box sediments

to lower levels, and it is lost when condensed phase Ho O

sediments into the grid box from above. The ambient
H20 concentration (gas plus condensed phase H,0) at
any location is then calculated as the difference between
the background H,O distribution and dehyd. Note that
dehyd can be negative; this corresponds to a moisten-
ing of a layer above the background amount of H,O as
a result of particle sedimentation from above.

4. Data Sources

In this paper we compare model output from the
base simulation described in section 5 to CLAES re-
trievals of HNO3. We use version 7 data because the
version 8 retrieval algorithm appears to be high biased
in the Southern Hemisphere high-latitude winter and
the CLAES investigators recommend version 7 over ver-
sion 8 in this case (J. Kumer, private communication,
1999). Estimated systematic errors in the version 7 re-
trieval range from 14 to 12% in the lower stratosphere
between 70 and 30 hPa, while random errors are esti-
mated to be between 12 and 7% over the same pressure
levels. Included in the systematic error estimate is a low
bias in the CLAES temperature retrieval [Gille et al.,
1996] which is thought to produce ~9% overestimates
of HNO3 at a temperature of ~ 190 K [Kumer et al.,
1996].

We also compare model output with measurements of
H50 made by MLS. We use version 3 retrievals [Lahoz et
al., 1996] although version 4 data is currently available.
The version 3 data are more appropriate for comparison
to the model, because version 3 MLS data were used to
construct background H,O distributions for the model
as described in section 2.

An Atmospheric Laboratory for Applications and Sci-
ence (ATLAS) payload was flown on board the space
shuttle in November 1994 [Kaye and Miller, 1996]. This
payload carried the Atmospheric Trace Molecule Spec-
troscopy (ATMOS) instrument, a Fourier transform
spectrometer [Gunson et al., 1996]. ATMOS measured
N>0, H;0, and the primary constituents of NO, in ad-
dition to other species at latitudes between 64.5°S and
72.4°S in the Southern Hemisphere during sunrise solar
occultations between November 3 and 14, 1994. The
Southern Hemisphere polar vortex was intact and sta-
ble during this period, resulting in numerous profiles
taken both inside and outside of the vortex [Manney et
al., 1996]. Lower stratospheric 1o precision errors in
H>0 and N2O are estimated to be less than 5%. Rins-
land et al. [1996] estimate the error in NO,, constructed
from the ATMOS observations to be ~ 15%. These ob-
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servations are used to quantify vortex dehydration and
denitrification and are discussed and compared to the
GMI model in section 6.

5. Model Simulation

This paper discusses the results of three different runs
of the GMI CTM, which will be referred to as the
“base,” “subsonics-only,” and “HSCT-perturbed” runs.
The base run was designed to allow comparisons with
observations and approximates atmospheric conditions
in 1995 - 1996. No aircraft emissions were included in
this run. The subsonics-only and HSCT-perturbed runs
are scenarios 1 and 4, respectively, as specified in Table
4-3 of the most recent NASA aircraft assessment docu-
ment [Kawa et al., 1999]. The subsonics-only run was
designed to approximate atmospheric conditions antic-
ipated for the year 2015, including emissions of NO,
and H>O representing an aircraft fleet which does not
include HSCTs. The HSCT-perturbed run replaces a
portion of the 2015 subsonic fleet with emissions from
a fleet of 500 HSCTs flying at ~ 18 km and emitting 5
g of NO, per kilogram of fuel burned. Note that this
scenario does not include potential HSCT emission of
H5SOy4. The neglect of aircraft HySO,4 is discussed in
section 7.

The base simulation was integrated for 5 model years.
The subsonics-only and HSCT-perturbed simulations
were run for 6 years. This is long enough to achieve
an approximately repeating annual cycle negligibly af-
fected by the model initial condition. The chemical
mechanism for all three runs was basically the same
as that used in the NASA AEAP chemistry bench-
mark intercomparison [Stolarski et al., 1995], modified
to include source gas reactions. It is a fairly .complete
representation of stratospheric chemistry including 46
species. Of these, 43 were transported, while H, O(D),
and N were inferred assuming photochemical equilib-
rium. The mechanism considered catalytic destruction
of Oz by radicals in the O,, HO., NO,, Cl,, and Br,
families. Reaction rates and photolysis cross sections
were taken from DeMore et al. [1997]. The six stan-
dard heterogeneous reactions listed in that publication
were included on the background sulfate aerosol and
PSCs using the specified sticking coefficients.

One difference in the chemical mechanism between
the base simulation and the aircraft runs was the in-
clusion in the base run of a channel for the reaction of
ClIO and OH to produce HCL. Lipson et al. [1997] mea-
sured a 0.06 £ 0.02 branching ratio for this channel, and
Lary et al. [1995] showed that this channel could some-
what enhance the rate of Cl, deactivation at the poles
during spring. The Lipson et al. study was published
too late for the reaction to be included in the DeMore
et al. [1997] reaction rate compilation. It was therefore
not included in the aircraft runs in keeping with current
aircraft assessment conventions. Its neglect should not
change any of the basic conclusions of this paper.
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Figure 1. Fraction of global surface area below 190 and 200 K between May and November in
the Global Modeling Initiative (GMI) Chemistry and Transport Model (CTM) compared with
results using National Center for Environmental Prediction (NCEP) temperature distributions in
1992. The solid line represents the GMI model using National Center for Atmospheric Research
(NCAR) Middle Atmosphere Community Climate Model version 2’ (MACCM?2') temperatures.
The dashed line represents the global area fraction calculated using NCEP temperatures. (a)
Fraction below 190 K at 47 hPa (model) and 50 hPa (NCEP). (b) Fraction below 200 K at
47 hPa (model) and 50 hPa (NCEP). (c) Fraction below 195 K at 105 hPa (model) and 100 hPa
(NCEP). (d) Fraction below 200 K at 105 hPa (model) and 100 hPa (NCEP).
6. Results 20 days in June and July. Figure la indicates that the

6.1. Polar Temperatures

The behavior of the PSC parameterization depends
sensitively on the temperature distribution, so we first
compare the MACCM?2' temperatures used in the model
simulation with observations from 1992.

Figure 1 compares the MACCM2' areal fraction of
the globe below 190 and 200 K on the 50 hPa surface
(Figures 1a and 1b) and the areal fraction of the globe
below 195 and 200 K on the 100 hPa pressure surface
(Figures 1c and 1d) with National Center for Environ-
mental Prediction (NCEP) temperatures during 1992.
The solid line represents the MACCM2' global area
fractions, and the dashed line shows the corresponding
quantity calculated using NCEP temperature distribu-
tions. Cold regions in the tropics (30°S - 30°N) do not
contribute to the global area fractions in Figure 1.

Figure 1a shows that in both the model and the atmo-
sphere, global area fractions below 190 K reach ~ 0.03,
but the model peaks ~ 20 days later than the atmo-
sphere does in 1992. Figure la also shows that the
atmosphere gets cold earlier than in the model, with
the model lagging the atmosphere by between 10 and

atmosphere warms up before the model does, so the
model global area fraction below 190 K is larger than
that seen in the atmosphere during the Southern Hemi-
sphere spring of 1992.

In Figure 1b, peak MACCM2' global area fractions
below 200 K lag the atmosphere by ~ 20 days. Peak
values are also ~ 20% lower than the observations.
(The MACCM2' temperature distributions underesti-
mate peak global area fractions below 200 K in all years
between 1990 and 1997, with the discrepancy in 1992
being typical.) During September the agreement be-
tween model and observations is good, while during the
October time frame the model global area fraction be-
low 200 K is somewhat higher than the observations.

Figures 1lc and 1d show that at 100 hPa the
MACCM?2' global area fractions below 195 and 200 K
are very similar to atmospheric values in 1992. Overall,
Figure 1 suggests that model temperature distributions
in the Southern Hemisphere late fall, winter, and early
spring agree well enough with observed temperatures to
make qualitative comparisons of modeled and observed
quantities, provided the differences between the two are
kept in mind.
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6.2. Polar Stratospheric Clouds

Few observations of PSC SADs exist, precluding a
robust evaluation of the model predictions throughout
the Southern Hemisphere winter and spring. However,
model-predicted surface area densities and size distri-
bution median radii are consistent with available obser-
vations. Typical ice aerosol median radii at the 50 hPa
level are ~ 5 um and STS aerosol radii are consis-
tently ~ 0.2 - 0.3 um. These values roughly agree with
aerosol particle sizes inferred from observations [Dye et
al., 1992; Beyerle et al., 1997]. In August at ~ 50 hPa,
STS SADs range up to 15 um%cm™3, and ice SADs are
~8 pm?cm~3. These values are consistent with the ob-
servations of Dye et al. [1992] and Gobbi et al. [1998].

Figures 2a and 2b show the time evolution of
vortex-averaged ice and STS SADs, respectively, in
the Southern Hemisphere between May and Novem-
ber. (Figures 2-15 were constructed from semimonthly
model output occurring on the fifteenth and final day
of each month.) In this paper we define the vortex edge

using Ertel’s potential vorticity gradient as in the work
of Nash et al. [1996]. Note that the STS SAD plotted
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Figure 2. Southern Hemisphere vortex averaged po-
lar stratospheric cloud (PSC) surface area densities
(SADs), in pum%cm™3, from May through November
in the altitude range between 100 and 10 hPa. (a)
Type 2 (ice) SAD. (b) Type 1 (supercooled ternary sul-
fate (STS)) SAD.
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Figure 3. Southern Hemisphere vortex-averaged active
Cly, in (a) parts per billion by volume and (b) fraction of
total Cl,. Active Cly is defined as all forms of inorganic
chlorine except the reservoir species HCl and CIONOs.

in Figure 2b does not include the background sulfate
aerosol SAD. It is instead the increase in SAD that has
resulted from HNOs; and H>O uptake and subsequent
swelling of the aerosol particles: Vortex-averaged back-
ground sulfate aerosol SADs range from ~ 1 pm?cm—3
at 100 hPa to values less than 0.1 pmZ?cm~3 above
10 hPa. (The STS SAD distribution plotted in Fig-
ure 2b and the background sulfate aerosol SAD dis-
tribution are combined when heterogeneous reactions
rates are calculated.)

Figure 2a indicates that ice aerosol SADs exceed
.01 pm?cm~2 in July, August, and September. Peak
vortex-averaged values of just over 1.2 pum?cm™3 occur
in late July between 80 and 100 hPa. Significant ice
SADs extend as high as 20 hPa. Figure 2b shows that
STS SADs are significant from June through Septem-
ber. Peak values of ~ 5 pm%cm™2 occur in late June
and early July between 30 and 70 hPa.

The STS and ice SADs shown in Figure 2 are suf-
ficient to activate inorganic chlorine, as shown in Fig-
ures 3a and 3b. Figure 3a shows the vortex-averaged
amount of active Cl, in parts per billion by volume
(ppbv), where active Cl, is defined as all inorganic chlo-
rine other than HCI or CIONO,. Peak active Cl, values



3962

of ~ 2.4 ppbv occur at the end of August between 30
and 50 hPa. Figure 3b indicates that this is ~ 80% of all
the inorganic chlorine in the model at this level, so Cl,
peaks at ~ 3 ppbv. At 60 hPa, the approximate flight
altitude of the ER-2 research aircraft, total Cly in the
GMI model is ~ 2 ppbv. This value is ~ 30% lower than
estimates of Cl, made from Airborne Antarctic Ozone
Expedition (AAOE) N, O observations using the Wood-
bridge relationship [Considine, 1999; Woodbridge et al.,
1995]. The halogen activation resulting from heteroge-
neous reactions on PSCs creates a well-developed and
timed Ogs hole, with minimum column O3 values reach-
ing ~ 120 Dobson units (DU) in October, similar to
observations. This is illustrated in Figure 4, which com-
pares Earth Probe Total Ozone Mapping Spectrometer
(EP TOMS) monthly zonal mean column Oz in 1997
as a function of month of year and latitude with the
GMI model calculation. We use 1997 EP TOMS data
because it is the complete year of TOMS data which
is chronologically closest to the model simulation con-
ditions. Since the comparison is qualitative, the year
compared is not critical. While available observations
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Figure 4. Column Oj from observations and the GMI
model. (a) Column O3 values retrieved by Earth Probe
Mapping Spectrometer (EP TOMS) in 1997. Figure 4a
was constructed from monthly zonal means for 1997.
(b) Column ozone in the GMI model. The model used
MACCM?2' winds and temperatures, and 1995 source
gas boundary conditions.
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of PSC SADs are not sufficient to directly test PSC oc-
currence in the GMI model, the PSCs that do form pro-
duce O3 concentrations in reasonable agreement with
observations.

In section 3.3 we noted that the sedimentation mass
flux was sensitive to the width of the size distributions
assumed for the PSCs. It is possible that the PSC SADS
are sensitive to o as well. We therefore made another
model run with the o for both Type 1 and Type 2 PSCs
reduced by 20% (to o = 1.3), a change which reduces
the sedimentation mass flux by ~ 55%. The reduced
o results in substantial increases in PSC SADs. For
instance, at 47 hPa the largest difference in the vortex-
averaged STS SAD between the 0 = 1.3 and o = 1.6
cases is ~ 75%, occurring in mid-August. The largest
difference in the vortex-averaged ice SAD between these
two cases is ~ 160% at the end of August.

Although there is a substantial difference in PSC
SADs in these two cases, the additional SAD does not
activate any more Cl,. Hence O3 concentrations are
not significantly different.

6.3. Denitrification

When temperatures drop to the values required for
PSC formation in the GMI model, HNO3 and H,O con-
dense out of gas phase into PSC particles, which are
subject to sedimentation. The condensation depletes
the gas phase concentrations of these constituents, while
sedimentation moves the condensed molecules to lower
levels and can make the removal of gas phase HNO3 and
H20O permanent.

Figure 5 shows the evolution of gas phase HNO3 from
mid-June through mid-September in the GMI model at
high latitudes on the 47 hPa surface. On June 15, HNO;
mixing ratios are typically above 7 ppbv, but there is
a small region near the pole where HNO3 condensation
into STS aerosols is beginning. HNO3 mixing ratios are
as low as 5 ppbv, while the temperatures in this region
are just above the frost point.

A month later an extensive region of very low HNO;
has formed, with HNOj3 concentrations dropping below
1 ppbv. Relatively high HNO3; mixing ratios encircle
the low HNOj3 region, with magnitudes about the same
as those on June 15. On August 15 the low HNOj3
region is slightly larger than in mid-July. The lowest
mixing ratios occur in the regions where the tempera-
ture falls below the frost point. Also, mixing ratios in
the high HNO; ring surrounding the low HNO; region
have decreased by over 40% from the previous month.
By mid-September the area enclosed by the 1 ppbv con-
tour has decreased, indicating that recovery of the low
HNOj3 region has begun. At the same time, mixing ra-
tios in the high HNOj ring have decreased further.

Figure 6 shows gas phase HNOj at 46.4 hPa observed
by CLAES on June 15, July 10, August 17, and Septem-
ber 15, 1992, at high Southern latitudes. Note that the
grey scale for Figure 6 differs from that of Figure 5.
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Figure 5. HNOj predicted by the GMI 3-D CTM at 47 hPa on (a) June

August 15, and (d) September 15.

On June 15 a low HNOj region is observed by CLAES
that is significantly larger than that occurring in the
GMI model. This is consistent with the 2 - 3 week time

lag in the occurrence of cold model temperatures com-

PPBV

5, (b) July 15, (¢)

pared to 1992 observations as shown in Figure 1. HNO3
mixing ratios ringing the low HNOj3 region are higher
than those in the GMI model run, exceeding 13 ppbv at
some locations. By July 10 the low mixing ratio region

PPBV S

Figure 6. HNO; observed by the Cryogenic Limb Array Etalon Spectrometer (CLAES) instru-
ment on the 46.4 hPa surface on (a) June 15, (b) July 10, (c) August 17, and (d) September 15.
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has expanded and deepened, with values below 1 ppbv
occurring. Values in the high mixing ratio ring are sim-
ilar to those seen in mid-June. The low HNO; region
reaches its greatest extent in mid-August, while mixing
ratios in the high HNOj3 ring remain steady. In mid-
September the area enclosed by the 1 ppbv contour has
diminished substantially. In addition, peak HNOj3 con-
centrations in the ring region have decreased relative to
the mid-August values. Note that the behavior of gas
phase HNQOg at 46.4 hPa observed by MLS is similar to
the CLAES HNOj distributions (see the work of San-
tee et al. [1998] for a more complete discussion of the
similarities and differences).

Comparison of Figures 5 and 6 shows that the tem-
poral evolution of HNOj3 concentrations in the lower
stratosphere in the GMI model qualitatively agrees with
the observations. However, the most obvious difference
between Figures 5 and 6 is the much lower mixing ratios
in the GMI model compared to the observations. Two
factors unrelated to PSC sedimentation contribute to
these low values. First, the overall amount of NO, in
the model is low. This can be seen by comparing model
and observed midlatitude NO,-N,O correlation plots
[Kawa et al., 1999]. Second, the model places the peak
of the vertical profile of high-latitude HNO3 substan-
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Figure 7. Normalized HNOj3 probability distributions
constructed from (a) 46.4 hPa CLAES HNOj3 obser-
vations and (b) 47 hPa values calculated by the GMI
model. The distributions were constructed from the
normalized HNO3; maps shown in Figures 6 and 7.
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tially above its observed location, possibly because of
weak descent in.the polar vortex during polar winter.
Both these factors result in lower HNO3 mixing ratios
in the lower stratosphere and complicate the evaluation
of the model sedimentation.

Although Figure 1 shows that the evolution of low-
temperature regions is similar in the lower stratosphere
in the model and the 1992 atmosphere, the differing
model and atmospheric meteorologies complicate map-
based comparisons. An alternative is to compare prob-
ability distributions of the occurrence of HNO3 concen-
trations. Figure 7a shows four probability distributions
constructed from CLAES HNOj retrievals at 46.4 hPa.
To facilitate comparison with the GMI model results,
the HNOj3 mixing ratios have been normalized by taking
its ratio to the maximum observed value on the 46.4 hPa
surface south of -50°, so the HNO3 values range between
0 and 1. Figure 7a shows the area-weighted probability
of occurrence of normalized HNO3 between -80° and -
50° on June 15, July 10, August 17, and September 15,
1992. Figure 7b shows the corresponding plot from the
GMI model output. Note that the ordinate is plotted on
a logarithmic scale to emphasize the lower occurrence
probabilities. ‘

Overall, the GMI and CLAES probability distribu-
tions are similar. In both the model and the observa-
tions there is a general increase in the probability of
occurrence for larger normalized HNO3 values, and the
occurrence probabilities are similar. The later onset of
denitrification in the GMI model evident in the com-
parison of Figures 5 and 6 is seen in the June 15 model
probability distribution with smaller than observed oc-
currence probabilities for normalized HNO3; < 0.3 and
larger occurrence probabilities for normalized HNO3
values between 0.3 and 0.5. Figure 7b also shows lower
than observed occurrence probabilities in July for nor-
malized HNO3 between 0.1 and 0.4 and in August be-
tween 0.3 and 0.5, indicating steeper spatial gradients
in the model between the high and low values of HNOj;
than in the CLAES observations. At the lowest val-
ues, less than 0.2 of the maximum value, the model
and the observations both have the largest occurrence
probabilities in mid-August. In September, however,
the model significantly underestimates the occurrence
probabilities at low normalized HNO3 concentrations.

The high-latitude evolution of HNQOj3 concentrations
over the course of the winter is governed by both dy-
namics and PSC sedimentation. The comparisons made
above do not therefore allow a direct comparison of the
effects of PSCs. One way of isolating the effects of
PSCs is by exploiting the strong correlation that ex-
ists between NO, and N-O in the lower stratosphere
in the absence of rapid loss of NO, due to PSCs. Fa-
hey et al. [1989] showed that a quantity NO; can be
defined from the correlation to predict from the N,O
concentration in a region influenced by PSC processes
the NO, that would exist there in the absence of PSC-
induced condensation and sedimentation. The differ-
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Figure 8. Vortex average ANO, (= NO; — NO,) in

(a) parts per billion by volume (ppbv) and (b) per-
centage, constructed from Atmospheric Trace Molecule
Spectroscopy (ATMOS) observations (solid line) and
GMI model output (dashed line) as described in the
text.

ence ANO, = NO, — NO, is then a measure of the
change in NO, due only to condensation and sedimen-
tation processes. \

Rinsland et al. [1996] used the ATMOS observa-
tions discussed in section 4 to construct NOj and ob-
tain an observation of extensive denitrification in the
lower stratosphere polar vortex during November 1994.
Figure 8 compares profiles of vortex-averaged ANO,
constructed from the ATMOS observations using the
method of Rinsland et al. (solid lines) and GMI model
output (dashed lines). NOj for the GMI model was cal-
culated by using NoO and NO, mixing ratios at model
locations outside of but within 10° in latitude of the po-
lar vortex edge to define a fit between NO, and N;O.
From this fit, NO; was calculated throughout the po-
lar vortex. Figure 8a compares ANO, in mixing ratio
units, and Figure 8b compares ANO, expressed as a
percent denitrification. Figure 8a shows large-scale den-
itrification of the polar vortex in November 1994, with
peak values reaching 11 ppbv between 50 and 60 hPa.
The peak denitrification in the GMI model is ~ 50% as
large as that observed and occurs at 30 hPa, ~ 3.5 km
higher than the ATMOS result. Note that the large neg-
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ative values seen in the ATMOS observations at 20 hPa
have been attributed by Rinsland et al. to descent of
mesospheric air with a different NO, /N, O relationship.
This is-not reproduced in the GMI model.

Although the absolute values of lower stratospheric
denitrification in the GMI model do not compare well
with observations, in relative terms the agreement is
good. Figure 8b shows that lower stratospheric model
denitrifications of 50 - 60% occur in the model lower
stratospheric polar vortex, compared to observed deni-
trification of up to 75%. The good agreement of relative
denitrification between the model and the observations
suggests that the differences seen in Figure 8a do not
indicate a problem with the PSC parameterization but
are more likely due to the overall underestimation of
NOy in the model and weak descent in the model polar
vortex.

The results presented here do not change much when
o is reduced by 20%. There are small differences in
the evolution of HNOj3 concentrations through the win-
ter and the residual denitrification of the springtime
lower stratospheric Southern Hemisphere vortex. For
instance, the lower stratospheric model denitrifications
of 50 - 60% seen in Figure 8b are reduced to 45 - 50%.
This lack of sensitivity to ¢ indicates that in both cases
there is sufficient time for the condensed phase mass
to fall out before the Southern Hemisphere begins to
warm from its wintertime minimum, so only a small
amount of condensed phase mass is present to reevap-
orate as the vortex warms. The denitrification in the
model Southern Hemisphere after winter is therefore
determined primarily by the amount of HNO3 removed
from gas phase during winter, which is controlled by the
minimum temperatures reached.

6.4. Dehydration

Dehydration of the polar vortex is also a consequence
of the condensation and sedimentation of PSCs. Al-
though the GMI model has a fixed background H»O
distribution, the PSC parameterization accounts for the
loss of HyO from the model due to sedimentation, as de-
scribed in section 3.3.

Figure 9 shows the evolution of gas phase H,O in the
GMI model on the 47 hPa surface between June 15 and
September 15. On June 15 there is no dehydration,
which is consistent with the lack of Type 2 PSCs up
to this day. Figure 9a also shows that the background
HO distribution is longitudinally symmetric with typi-
cal values around 5 ppmv. By July 15, dehydration has
begun in the GMI model, with minimum H»O mixing
ratios on the 47 hPa surface dipping below 3 ppmv. The
most extensive dehydration occurs in August, with min-
imum HsO mixing ratios below 1.5 ppmv. On Septem-
ber 15 the dehydration is nearly as extensive as that in
the previous month, but the lowest values seen on Au-
gust 15 have disappeared as the temperatures are rising
and ice PSCs can no longer form.
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Figure 9. H,O predicted by the GMI 3-D CTM at 47 hPa on (a) June 15, (b) July 15, (c)
- August 15, and (d) September 15. Units are parts per million by volume.

Figure 10 shows H,O on the 46.4 hPa surface ob-
tained from MLS version 3 observations in 1992 on
June 15, July 12, August 18, and September 20.
Figure 10 shows no evidence of significant dehydration
on June 15, although CLAES 780 cm™! extinction ob-
servations show that extensive PSC formation has oc-
curred at this time [Mergenthaler et al., 1997], and Fig-
ure 6 shows that the CLAES instrument also sees sig-
nificant loss of HNQOj3 from gas phase. This could occur
if the PSCs forming in the atmosphere at that time do
not contain significant amounts of HzO.

On July 12 significant dehydration is evident, with
minimum values reaching below 2.5 ppmv. The most
extensive dehydration occurs in August, with minimum
H,O values reaching below 1 ppmv. At this time, the
areal extents of the dehydration in the GMI model and
the observations appear to agree reasonably well, al-
though the comparison is hindered by the lack of obser-
vations south of -80°. On September 20 the observed
H,O distribution has increased significantly from the
previous month. Minimum values are ~ 3 ppmv. The
GMI model appears to be more extensively dehydrated
than is observed. Since all Type 2 PSCs have evapo-
rated at this time, the GMI model may overestimate
the amount of permanent dehydration resulting from
condensation and sedimentation of PSCs. ‘

Figure 11 compares normalized HoO probability dis-
tributions for the GMI model and MLS observations
constructed similarly to Figure 7. Figure 11b shows

that in June all of the normalized HoO values in the
GMI model lie between 0.9 and 1.0, a consequence of
the zonal symmetry of the background H,O distribu-
tion, its weak meridional gradient at high latitudes,
and the lack of PSC-induced dehydration. The larger
observed variability of the June MLS probability dis-
tribution results from its longitudinal variability and
perhaps a small amount of dehydration. In mid-July,
~ 6% of the observed normalized HoO values lie below
0.6, which is not captured by the GMI model. This
is interesting because the mid-July HNOj distributions
shown in Figure 7 compare relatively well at that time.

The lowest values of normalized HoO occur in mid-
August in both the model and the observations, with
good agreement betweefi the model and observed prob-
ability distributions. There is still a higher probability
of finding low normalized H,O values in the observa-
tions, with a 13% chance of observing normalized H,O
below 0.4 in contrast to ari ~ 8% chance in the model.
In mid-September both the model and observed distri-
butions show a reduced occurrence of the lowest nor-
malized H5O values, but in the observations there has
been a larger reduction.

The November 1994 flight of ATMOS measured H,O
in addition to the NO, species and N3O discussed
above. We can use these observations to construct
H>0* and calculate the vortex-averaged residual dehy-
dration in November for comparison with model results.
This comparison is plotted in Figure 12. The agree-
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Figure 10. H>O observed by the Microwave Limb Sounder (MLS) instrument on the 46.4 hPa
surface on (a) June 15, (b) July 12, (c) August 18, and (d) September 20. Units are parts per

million by volume.

ment between the modeled and observed dehydrations
is very good, both in absolute (Figure 12a) and relative
(Figure 12b) terms. The modeled peak dehydration oc-
curs at nearly the same pressure level as that observed.
Figure 12a indicates that the modeled dehydration is
_overestimated by ~ 44% at 50 hPa, consistent with the
dehydration overestimation suggested by Figure 11.

It is interesting to consider the observed denitrifica-
tion of ~ 60% seen at 40 hPa in Figure 8b and the
observed dehydration of ~ 10% at the same level in
Figure 12b. This is a situation where the vortex den-
itrification is significant but dehydration is relatively
small. A similar situation is seen in the GMI model
at 30 hPa, where the model denitrification is ~ 50%
but dehydration is a little less than 10%. Two features
of the model parameterization allow this large denitri-
fication without large dehydration to occur: (1) The
number density of the nucleating ice particles is small,
resulting in large particles which fall rapidly, and (2)
transfer of HNO3 from the existing STS aerosol par-
ticles occurs rapidly enough so that the ice particles
can carry significant amounts of HNO3 out of the lower
stratosphere with only a modest dehydration.

The evolution of gas phase HoO through the winter
and the dehydration of the Southern Hemisphere polar
vortex in spring are similar in both the ¢ = 1.6 and
o = 1.3 runs. This is consistent with the behavior of
HNO3 and denitrification discussed in section 6.3.

7. Response to HSCT Emissions

In this section we examine the response of the South-
ern Hemisphere lower stratosphere to aircraft emissions
of NO, and H,0. Figures 13a and 13b show the per-
centage change in vortex-averaged NO, and H,O, re-
spectively, that occurs in the Southern Hemisghere po-
lar vortex when stratospheric aircraft and their emis-
sions are included in the year 2015 fleet assumption.
In May, before any PSCs begin to form, NO, increases
range up to ~ 3.5%, and H2O increases peak at just
over 3%.

The NO, increases in May give way to small decreases
in NO,, of up to 1.5% during July, August, and Septem-
ber, when both STS and ice PSCs are forming. NO,
decreases because additional HyO from the HSCTs re-
duces equilibrium vapor pressures of HNO3 over both
Type 1 and Type 2 PSCs, moving more HNO3 into
condensed phase where it can sediment out of the at-
mosphere. Also, the addition of HSCT H30 results in
more frequent formation of ice PSCs which can carry
more NO, out of the vortex. The changes in H,O shown
in Figure 13b are never negative, but during the time
and in the altitude range where ice PSCs are forming,
increases in HoO reach their smallest values.

Figures 14a and 14b show the percent change
in vortex-averaged STS and ice SADs, respectively.
Figure 14a shows that during most of the late fall and
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Figure 11. Normalized H,O probability distributions "

constructed from (a) MLS H>O observations and (b)
values calculated by the GMI model. The distribu-
tions were constructed in the same manner as the HNO3
probability distributions shown in Figure 7. The MLS
distributions were constructed from retrievals taken on
June 15, July 12, August 18, and September 20, 1992.

spring seasons, HSCT emissions increase STS SADs by
up to 10%. During the summer in the lower strato-
sphere, ~ 5% decreases in STS SAD occur. These de-
creases probably result from the NO, decreases shown
in Figure 13a. Increases in STS SAD return later in
the winter when the HSCT-induced changes to NO,
are again positive. Figure 14b shows that HSCT emis-
sions typically increase the ice SADs by ~ 5 - 10%.
There is also a small region in July at 40 hPa where ice
SADs decrease. This may be because the H>O increases
in the HSCT-perturbed run trigger ice PSC formation
earlier than in the subsonics-only run. If sedimentation
subsequently removes enough ice SAD, when the PSCs
form in the subsonics-only case the SAD will exceed the
HSCT-perturbed SAD.

Changes in PSC formation will affect the concentra-
tion of active halogens in the model, and these in turn
will affect O3 concentrations. Figure 15a shows the per-
cent change in active Cl, (defined as for Figure 3a).
Increases in active Cl, are seen throughout the win-
ter, with the peak increases of just over 5% occurring
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primarily in May and June when base active Cl, val-
ues are ~ 30% of total Cl, (Figure 3b). In absolute
terms, peak increases also occur at this time. During
the Southern Hemisphere springtime the increases are
typically 1 - 3%. The effect of the aircraft emissions
on vortex-averaged O3 mixing ratios is shown in Fig-
ure 15b. Small decreases in O3 concentrations occur
throughout the altitude region, with peak decreases of
~ 1% between 30 and 50 hPa in October and November.

The importance of this result lies not in the partic-
ular predicted change in O3 concentrations, which are
small, but in the fact that we have attempted to account
for all of the effects of PSCs in predicting it, includ-
ing sedimentation. Sedimentation reduces PSC SADs
in both the subsonics-only and HSCT-perturbed runs,
which will result in a different change in the amount
of Cl, activation than would otherwise occur. Also,
sedimentation-induced decreases in NO, concentrations
will reduce the rate of Cl, deactivation in both the
subsonics-only and HSCT-perturbed cases. Including
the effects of sedimentation should therefore result in a
more realistic prediction of the effects of HSCT emis-
sions.
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Figure 12. Vortex-averaged AH,O (=H,0* — H,0)
in (a) parts per million by volume and (b) percent-
age. Plots are constructed from ATMOS observations
of H,0 and NO (solid line) and GMI model output
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It is important to understand the sensitivity of the
model response to HSCT emissions to changes in model
and parameterization formulation. We therefore exam-
ined the model response to HSCTs for the o = 1.3 case
described in section 6. Although this change results in
significantly larger PSC SADs, and ~ 25% increases in
gas phase NO, and decreases in active Cly in the South-
ern Hemisphere lower stratospheric polar vortex during
spring, the change in active Cl, and Oz from HSCT
emissions is essentially the same as that of the stan-
dard run: This insensitivity increases our confidence in
the predicted response to HSCTs.

Model deficiencies such as the phase lag between ob-
served and predicted wintertime temperatures shown
in Figure 1 and lower than observed HNOj concen-
trations (Figures 5 and 6) could also affect the pre-
dicted response to HSCTs. We feel that the tempera-
ture differences are unlikely to qualitatively change the
model response. The largest temperature discrepancies
between model and measurements occur early in the
winter, when the model is warmer than observations.
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Colder temperatures would likely produce larger PSC
surface area densities in the early part of the winter,
but the reduced o runs show that significant increases
in PSC SADs do not change the amount of chlorine
activation much during the spring. Also, because the
model polar vortex is already significantly dehydrated
and denitrified by the end of the winter, it is unlikely
that colder temperatures early in the winter will pro-
duce significant additional denitrification and dehydra-
tion. The lack of sensitivity of chlorine activation, den-
itrification, and dehydration to changes in temperature
should result in only small changes in the model re-
sponse to HSCT emissions.

The effects of the low HNO3 in the model are more
difficult to determine. Model transport is likely to be
responsible for much of the HNOj3 deficit, and a change
in the model transport which increases HNO3 in the po-
lar lower stratosphere will also change the flux of HSCT
emissions into the polar vortex. Addressing this ques-
tion would require solving long-standing problems in
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Figure 14. Percent changes in vortex-averaged STS
and ice surface area densities, in the Southern Hemi-
sphere due to the addition of HSCT aircraft emissions.
(a) Percentage change in STS SAD between May and
November for pressure levels between 100 and 10 hPa.
Solid contours show positive ANO, regions, and dashed
contours show negative ANO (b) Percent change in
ice SAD. Contour levels are -6, -3, 0, 3, 6, and 10%.
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the modeling of atmospheric transport processes and is
beyond the scope of this paper.

The HSCT emission scenario used in this study does
not include HSCT emissions of HySO4. These emis-
sions can have a substantial impact on model predic-
tions of global O3 depletion due to HSCTs, because they

substantially increase background sulfate aerosol SADs

globally. If the emissions increase the number density
of the background sulfate aerosol, they may produce in-
creases in PSC surface area densities and polar O3 de-
pletion as well. However, the effects of HSCT emissions
of H2SO4 on PSC size distributions and SADs are not
currently well understood. Microphysical modeling of
the PSCs is probably required and is beyond the scope
of our current studies and this paper.

8. Summary and Conclusions

This paper has presented a PSC parameterization
written for and implemented in the GMI 3-D CTM.
The parameterization was designed to balance the need
for physical realism with the computational constraints
imposed by its intended use in 3-D model aircraft as-
sessment studies.
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The parameterization differs from more standard 3-D
model PSC treatments such as that of Chipperfield et
al. [1993] in the following ways: (1) An STS composi-
tion is assumed for Type 1 PSCs instead of NAT, (2)
supersaturation ratios must be exceeded for solid phase
aerosol formation to begin, (3) the number density of
the aerosols is held constant instead of the particle radii,
(4) the surface area densities are calculated assuming -
the aerosol particles are distributed lognormally, and
(5) the sedimentation mass flux of the aerosols is consis-
tent with the lognormal particle size distribution. With
current settings the mass flux is close to a factor of 3
larger than it would be if all particles were assumed to
have the same size.

Using the new GMI 3-D CTM with mixing ratio
boundary conditions and background sulfate aerosol
distributions corresponding to 1996 and winds and tem-
peratures from the NCAR MACCM?2' general circula-
tion model, we have examined the high-latitude South-
ern Hemisphere winter and spring simulation. The tem-
peratures in the Northern Hemisphere are too warm for
any significant PSC formation to occur. The South-
ern Hemisphere temperature distributions are similar
to those observed in 1992 and 1994, although the cold-
est model temperatures lag those observed in the atmo-
sphere in the early winter by 10 - 20 days.

Model-predicted surface area densities and particle
sizes for Type 1 and Type 2 aerosols are consistent with
in situ observations made from the ER-2 aircraft and li-
dar observations. PSC SADs are sufficient to activate a
large fraction of the Cl, in the polar vortex. This results
in a well-developed and timed Og hole with minimum
values reaching ~ 120 DU in October.

In comparison with version 7 CLAES lower strato-
sphere HNOj3 retrievals, the GMI model exhibits a low
bias in HNO3. The bias results from an overall model
underestimation of NO, and a modeled HNO3 profile
which peaks at a higher than observed altitude. The
GMI model captures relatively well the horizontal struc-
ture of HNOj3 seen in the CLAES observations and the
time evolution through the winter and spring seasons of
the low polar concentrations resulting from HNOj3 con-
densation into PSCs and subsequent loss through sedi-
mentation. The early evolution of the low HNOj3 region
is not captured well, because of warmer than observed
model temperatures during the early winter.

Large denitrification of the Southern Hemisphere po-
lar vortex occurs in the model. The model polar vor-
tex denitrification occurring in mid-November compares
well in the lower stratosphere with estimates of denitri-
fication in the polar vortex made from ATMOS obser-
vations in early November to mid-November 1994. In
absolute terms the model denitrification is significantly
smaller than that observed, consistent with the overall
low bias of NO, in the model. Peak values of absolute
denitrification are placed at ~ 30 hPa in contrast to the
observed peak at 50 - 60 hPa.

The evolution of polar H,O concentrations over the
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winter and early spring time period is reproduced rela-
tively well in the model. The model early winter warm
temperature bias results in an underestimation of the
loss of gas phase HyO, due to condensation of PSCs in
the lower stratosphere. There is good model agreement
with observations in August and a slight overestima-
tion of the occurrence of low H>O concentrations of gas
phase H2O in September.

The modeled dehydration of the Southern Hemi-
sphere polar vortex compares very well in both rela-
tive and absolute terms with estimates of dehydration
constructed from ATMOS observations. The shape of
the model dehydration profile is in excellent agreement
with the observed profile, while the magnitude of the
dehydration is overestimated slightly. Peak dehydra-
tion in both the model and the observations occurs at
~ 80 hPa, well below the observed (modeled) denitri-
fication peak at 60 (30) hPa. The good reproduction
of the observed dehydration profile demonstrates the
feasibility of simulating PSC-induced dehydration in a
model with a fixed background H,O distribution.

As is seen in the observations, the model exhibits sub-
stantial denitrification in the polar vortex with small to
modest dehydration. This is a consequence of the as-
sumed small number of nucleated ice particles in com-
parison to the available condensation nuclei and the
rapid transfer of HNOj3; from the STS aerosols to the
ice aerosols when ice aerosols form.

HSCT emissions produce small increases (~3%) in
NO, and HyO mixing ratios in the Southern Hemi-
sphere polar vortex at the beginning of winter, resulting
in an earlier occurrence of PSCs. Earlier onset of PSC
sedimentation and lowered equilibrium vapor pressures
of NOy over STS and ice aerosols results in small de-
creases in NOy (~ -1%) compared to the subsonics-only
simulation later in the winter. Ho O mixing ratios at this
time do not decrease, but show smaller increases than at
the beginning of winter. Both ice and STS PSC SADs
are larger than the subsonics-only simulation values at
the beginning and end of winter, although during mid-
winter there are regions of the polar vortex where PSC
SADs decline.

The HSCT emissions in the Southern Hemisphere po-
lar vortex cause small increases in active Cl, (~ 1%)
during the Southern Hemisphere spring. The increased
active Cl, produces similarly small decreases in O3 con-
centrations. Note that the chemical mechanism used in
this study does not include a channel to HCI for the
reaction of ClO and OH. Lary et al. [1995] show that
this reaction will increase slightly the rate of Cl, deacti-
vation. Inclusion of this reaction in the model chemical
mechanism should therefore reduce slightly the predic-
tion of HSCT-induced O3 depletion.

Future work involving this parameterization and
model should focus on obtaining a meteorological data
set with realistic Northern Hemisphere temperature dis-
tributions, establishing that this results in a realistic
simulation of PSC occurrence and constituent evolu-
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tion in the Northern Hemisphere, and determining the
model predictions of the effects of HSCTs in the North-
ern Hemisphere. HSCT-induced changes in NO, and
H30 in the Northern Hemisphere vortex are signifi-
cantly larger than those in the Southern Hemisphere
vortex, and the temperature structure is quite differ-
ent. There is no reason to expect that the predicted
impact of HSCTs in the Northern Hemisphere polar
vortex will be as modest as is the case for the Southern
Hemisphere. It is also important to further evaluate
the effects of changes in the parameterization settings
assumed in this study, such as the width of the parti-
cle size distributions, the neglect of NAT and STS PSC
coexistence, and the assumed aerosol particle number
densities.
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