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UARS Microwave Limb Sounder HNOj; observations:
Implications for Antarctic polar stratospheric clouds
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Abstract. We present Microwave Limb Sounder (MLS) measurements of gas-phase HNO;
obtained at the beginning of five southern hemisphere winters: 1992-1996. To investigate
the composition of the polar stratospheric clouds (PSCs) that formed in early winter each
year, the observed evolution of HNOs3 at 465 K is compared against that predicted using
nitric acid trihydrate (NAT), nitric acid dihydrate (NAD), and liquid ternary solution models
of PSC formation and correlated with temperature histories from three-dimensional back -
trajectory calculations. The MLS HNOj observations suggest that the initial composition
of PSCs depends on the physical state of the background sulfate aerosols. If the preexisting
aerosols are liquid, then the formation of ternary solutions is initiated as the temperature
drops below about 192 K, followed by a gradual conversion to NAD after exposure to
low temperatures for several days. HNOj; uptake into ternary solutions occurs at higher
temperatures, and the conversion to NAD is delayed, under conditions of enhanced aerosol
loading from the Mount Pinatubo eruption. If a majority of the background aerosols are
frozen, the growth of ternary solutions is inhibited, but formation of a metastable, water-
rich, HNOs-containing solid phase characterized by a relatively high HNO3 vapor pressure
(type Ic PSC) may occur. In general, MLS HNO3; measurements obtained during early
southern winter indicate a strong correspondence between the area of gas-phase HNOj3 loss
and the area of temperatures below 192 K but only a weak correspondence between the area

of gas-phase HNOj loss and the area of temperatures below 195 K, the value commonly
assumed as the threshold for PSC formation. Although temperatures were low enough
to maintain NAT PSCs, the MLS data show that they were not forming, at least not over
spatial scales comparable to or larger than the ~400x100x5 km MLS field of view.

1. Introduction

It is well established that the chlorine-catalyzed destruc-
tion of ozone in the polar lower stratosphere during winter
and spring is initiated through heterogeneous chemical reac-
tions on the surfaces of polar stratospheric cloud (PSC) parti-
cles [e.g., Solomon, 1990]. Accurate theoretical predictions
of ozone loss therefore require knowledge of the phase and
composition of the PSC particles. For instance, recent work
[Ravishankara and Hanson, 1996; Borrmann et al., 1997]
has shown that liquid particles may activate chlorine more
efficiently than frozen particles. However, despite a consid-
erable number of field, laboratory, and modeling studies, the
exact PSC formation mechanism remains uncertain.

There are two main classifications of PSCs: type I and
type II. Type II PSCs are composed of water ice and typi-
cally form a few degrees below the equilibrium condensation
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point of ice (nominally 188 K for lower stratospheric condi-
tions) because supersaturations with respect to ice exceeding
unity are required to overcome the free-energy barrier to nu-
cleation [e.g., Toon et al., 1989]. In contrast, type I PSCs
are observed to form at temperatures several degrees above
the water ice frost point [e.g., McCormick et al., 1982].
Toon et al. [1986] and Crutzen and Arnold [1986] sug-
gested that type I PSCs contain HNO;, and the principal
phase was usually assumed to be nitric acid trihydrate (NAT,
HNOj3-3H,0), which condenses at ~195 K and which is
the most stable form under stratospheric conditions [Hanson
and Mauersberger, 1988]. Early field observations [e.g., Fa-
hey et al., 1989; Pueschel et al., 1989] confirmed that HNO3
is a major component of type I PSC particles and that the
temperature at which they first appear is roughly consistent
with formation of a trihydrate phase. For years the canonical
model of PSC formation was predicated on a NAT composi-
tion for the type I particles [e.g., Solomon, 1990].

However, there is a growing body of evidence that not
all type I PSC particles are composed of NAT. In the Arc-
tic, large NAT supersaturations have been observed before
the onset of significant particle growth [e.g., Dye et al.,
1992], and the amount of HNOj3 incorporated into the par-
ticles has been found to be significantly less than that pre-
dicted for a NAT composition [Kawa et al., 1992]. Two
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subclasses of type I PSCs have been recognized based on
lidar measurements of aerosol optical properties [Browell
et al., 1990; Toon et al., 1990a]: type la, relatively large,
nonspherical particles, and type Ib, smaller, nearly spherical
particles. Laboratory measurements [Zhang et al., 1993a;
Molina et al., 1993] have shown that HNOj3-is highly soluble
in aqueous H,SO4 at the low temperatures typical of polar
winter, and a supercooled ternary (H,SO4/HNO3/H,0) so-
lution composition has been proposed for type Ib particles
[Tabazadeh et al., 1994a). Previously obtained field obser-
vations have-now been reinterpreted as being more consis-
tent with a ternary than with a NAT composition for both the
Arctic [Drdla et al., 1994; Carslaw et al., 1994; Tabazadeh
et al., 1994a] and the Antarctic [Toon and Tolbert, 1995].
Ground-based lidar [Beyerle et al., 1997] and balloon-borne
backscatter [Larsen et al., 1997] measurements have pro-
vided further evidence for liquid ternary solution PSCs in the
Arctic. In addition, analyses of total reactive nitrogen and
aerosol particle volume measured during the 1994 Airborne
Southern Hemisphere Ozone Experiment (ASHOE) have in-
dicated that a type I PSC near the edge of the Antarctic
vortex was composed primarily of ternary solution droplets
[Dye et al., 1996; Del Negro et al., 1997]. Trends in ground-
based measurements of stratospheric HNO3 over the south
pole have also suggested the formation of ternary solution
PSCs [de Zafra et al., 1997].

Although formation of liquid type Ib PSCs is now thought
to be understood, the mechanisms by which crystalline
type Ia PSCs form in the stratosphere remain unresolved
[Tolbert, 1994]. Previously, it was assumed that frozen
sulfuric acid aerosols provide nucleation sites for the for-
mation of type Ia PSCs [e.g., Turco et al., 1989; Toon et
al., 1989]. However, laboratory experiments on sulfuric
acid films [Middlebrook et al., 1993] have indicated that
temperatures near the ice frost point are necessary for the
stratospheric sulfate aerosol to freeze, forming sulfuric acid
tetrahydrate (SAT); recent experiments on binary sulfate
aerosol particles [Imre et al., 1997; Carleton et al., 1997,
Clapp et al., 1997] have confirmed that stratospheric sul-
fate aerosols most likely remain liquid to the ice frost point
or below. Laboratory observations of ternary bulk solutions
[Koop et al., 1995] and freely floating ternary droplets [An-
thony et al., 1997] have also found that supercooled ternary
solutions do not freeze for temperatures above the ice frost
point. Other laboratory studies [Molina et al., 1993; Beyer
et al., 1994; Iraci et al., 1995] have shown that NAT crys-
tallization directly from the vapor phase onto SAT is un-
likely; these studies suggest that NAT nucleates out of liquid
ternary solutions, with subsequent growth of the crystals by
condensation of HNO3 and H,O vapors. However, model
calculations [Tabazadeh and Toon, 1996] indicate that the
highest possible HNO3 concentration in a ternary droplet is
insufficient to allow the direct crystallization of NAT. Sev-
eral candidates have been proposed for an initial metastable
phase for condensed HNOs in PSCs, with eventual con-
version to NAT. For example, laboratory results of Marti
and Mauersberger [1993] suggest a dilute HNO3/H,O solid
phase (with a water to nitric acid ratio of about 5 or 6 to 1)
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as a transient PSC composition. Recent laboratory experi-
ments by Fox et al. [1995] also suggest that NAT nucleation
from a ternary solution requires the formation of a precursor
phase, which they infer to be a mixed H, SO4/HNO3 hydrate
(MixH, H,S0O4-HNO3-5H,0). In cooling a ternary solution
under stratospheric conditions, Fox et al. [1995] never ob-
served NAT nucleation in the solution without prior forma-
tion of MixH, which then transformed into a metastable ni-
tric acid dihydrate (NAD, HNO;3-2H,0) phase within a few
hours. NAT was always the last phase to form, with NAD
persisting for days, in agreement with their earlier labora-
tory experiments on PSCs [Worsnop et al., 1993] showing
NAD to be only slightly less stable than NAT.
Alternatively, laboratory studies by Koop et al. [1995]
show that ternary bulk solutions remain supercooled to tem-
peratures below the ice frost point. They contend that only
water ice is a suitable nucleation site for HySO4 and HNO3
hydrates, and thus stratospheric aerosol droplets must cool
below the frost point before crystallization of either HNO3
or HySO4 in solution is possible. Meilinger et al. [1995]
suggest that the rapid cooling rates induced by orographi-
cally forced lee waves lead to nonequilibrium conditions that
facilitate freezing of the smallest ternary droplets into NAT,

“since their composition is closest to that of trihydrate. How-

ever, recent freezing experiments on HNO3/H,O aerosols
indicate that the HNO3 concentration in solution must be
larger than 1:2.5 (HNO3:H;0) in order for HNOj to crystal-
lize [Disselkamp et al., 1996]. This result argues against
the Meilinger et al. [1995] proposal of crystallization of
aerosols containing less than a 1:3 (HNO3:H,0) ratio. In
addition, Tabazadeh et al. [1996] use aircraft observations
of PSCs and a statistical analysis in which both background
and lee wave temperature fluctuations are superimposed on
synoptic-scale temperature histories to demonstrate that nei-
ther ice crystal nucleation nor lee wave encounters are cor-
related with the occurrence of type Ia PSCs. Murphy and
Gary [1995] and Tabazadeh et al. [1996] argue that small
but rapid temperature fluctuations (especially frequent in the
Arctic) promote the initial formation of large numbers of
small metastable particles with subsequent mass transfer to
the larger, more stable NAT particles. In fact, Tabazadeh et
al. [1996] conclude that mass transfer, and not the mesoscale
cooling rate, controls the type Ia PSC formation_process;
once synoptic temperatures drop below about 192 K, the
only condition necessary for type Ia formation is that tem-
peratures remain below the NAT frost point for longer than
~1 day. Larsen et al. [1997] reach a similar conclusion
based on balloon measurements of Arctic PSCs, finding that
particle properties are most strongly influenced by the syn-
optic temperature history even for measurements obtained in
regions where lee waves are common.

Building on the laboratory studies [Worsnop et al., 1993;
Marti and Mauersberger, 1993] indicating the initial pres-
ence of higher hydrates of HNOs, Tabazadeh et al. [1995]
and Tabazadeh and Toon [1996] have postulated a third sub-
class of type I PSCs, type Ic, composed of a water-rich
metastable HNO3/H, O solid phase that transforms into NAT
or NAD over time. In their scenario, the thermal history
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of the air mass, and thus the physical state of the back-
ground sulfate aerosols, determines the phase of the PSCs:
Upon cooling, if the H,SO4 aerosols are liquid, then type Ib
ternary solutions form; if they are frozen, then type Ic par-
ticles initially form. Assuming that the ice frost point is not
reached, if the cooling is then followed by a warming to
about 196-198 K, some supercooled HySO4/H,O aerosols
may freeze (as observed in the laboratory by Iraci et al.
[1994]) and remain frozen until the air mass experiences
temperatures high enough to melt SAT (about 210-220 K
[Middlebrook et al., 1993; Zhang et al., 1993b]). With
this mechanism, cooling/warming cycles eventually lead to
the formation of type Ia PSCs. This scenario is consistent
with aircraft observations of PSCs in both the Arctic and
the Antarctic [Tabazadeh et al., 1995, 1996] and is sup-
ported by analyses of balloon-borne backscatter measure-
ments of PSCs from several Arctic winters [Larsen et al.,
- 1996, 1997]. Ground-based Arctic lidar measurements by
Shibata et al. [1997] have also indicated the presence of
large water-rich particles that are not compatible with the
standard type Ia/b PSC classifications.

In this study we investigate PSC formation using mea-
surements of gas-phase HNO; made by the Microwave
Limb Sounder (MLS) aboard the Upper Atmosphere Re-
search Satellite (UARS). Although these satellite measure-
ments lack the resolution and precision of in situ measure-
ments, they have the important advantage of providing daily
hemispheric coverage over a range of pressures and over the
course of several years. A description of the MLS HNO;
measurements and their quality and spatial resolution is pro-
vided in section 2, and their suitability for studies of PSC
composition is discussed in section 3. In section 4 we ex-
amine in detail the evolution of gas-phase HNO3 during the
1994 early southern winter period, and we contrast this be-
havior with that during similar periods in 1992, 1993, 1995,
and 1996. We compare the observed HNOj3 values in each
year with those predicted by several proposed PSC compo-
sition models. Specifically, we discuss the MLS HNOj3 data
in relation to type Ia PSCs based on the work of Hanson and
Mauersberger [1988] and Worsnop et al. [1993], type Ib
PSCs based on the work of Tabazadeh et al. [1994b], and
type Ic PSCs based on the work of Tabazadeh and Toon
[1996]; no new PSC subclasses are proposed here. Any
comparison of MLS data with model results necessarily en-
tails several assumptions; the observational and/or modeling
studies underlying our assumptions, and the sensitivity of
our results to them, are also discussed in section 4. Finally,
in section 5 we use back trajectory calculations to explore
the correlation between temperature history and PSC com-
position as inferred from MLS measurements of gas-phase
HNO:;.

We find that the MLS HNO3 observations indicate varia-
tions in PSC composition with time and meteorological con-
ditions. Although our results are strongly suggestive, it must
be borne in mind that the coarse spatial resolution and pre-
cision of the data, together with the necessity of estimating
unmeasured quantities, limit our ability to definitively iden-
tify PSC compositions.
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2. Measurement Description

2.1. General MLS Information

MLS has been acquiring millimeter-wavelength emission
measurements of the stratosphere in both hemispheres since
late September 1991. Measurements are made as the in-
strument field of view (FOV) is vertically scanned through
the atmospheric limb in a plane perpendicular to the UARS
velocity. The microwave limb sounding technique and the
MLS instrument are described in detail by Waters [1993]
and Barath et al. [1993], respectively. Advantages of this
technique include the measurement of thermal emission, so
that observations can be obtained both day and night, and the
use of long wavelengths, so that the data are not degraded by
the presence of PSCs or other stratospheric aerosols. Valida-
tion of the MLS instrument calibration and the primary MLS
measurements is described in a special issue of Journal of
Geophysical Research (101 (D6), 9,539-10,476) dedicated
to the evaluation of the UARS data.

The MLS pointing geometry together with the inclination
of the UARS orbit leads to a measurement latitudinal cov-
erage extending from 80° on one side of the equator to 34°
on the other. The UARS orbit plane precesses in such a way
that all local solar times are sampled in ~36 days (a “UARS
month”), getting ~20 min earlier each day at a given lati-
tude. To keep MLS (and other instruments) on the shaded
side of the spacecraft, a 180° yaw maneuver is performed at
the end of every UARS month. Thus 10 times per year MLS
alternates between viewing northern and southern high lati-
tudes, with the first day of a particular UARS month occur-
ring ~5 days earlier each year.

2.2. MLS HNOj Data Quality

Although HNO3; was not a primary MLS measurement
objective, a significant HNOj feature situated just outside
the spectral region used to measure ozone imposes a weak
slope through the 205-GHz ozone band that can be used to
retrieve profiles of gas-phase HNO3;. MLS HNO; measure-
ments (from precursory algorithms) were first presented by
Santee et al. [1995]. With the release of MLS version 4 re-
trieval algorithms, HNOj3 is now a standard product available
for every day of the mission on which MLS made measure-
ments. Version 4 MLS HNOj data for the 1995-1996 and
1996-1997 northern winters have been presented by Santee
et al. [1996] and Santee et al. [1997], respectively.

Preliminary validation studies indicate that the MLS
HNO; data are scientifically useful on the 100-, 46-, and
22-hPa retrieval surfaces, where the estimated single-profile
precisions are approximately 2.0, 3.0, and 4.5 ppbv, respec-
tively. The precisions, estimated from several months of
data, were based on the observed variability in a narrow lat-
itude band centered around the equator that was selected to
minimize the effects of natural atmospheric variability. The
true precisions may be slightly better than these estimates
since the actual atmospheric variation is not completely neg-
ligible. These empirical precisions are generally consis-
tent with uncertainties derived theoretically by propagating
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the measurement noise through the retrieval algorithm. Al-
though the computed uncertainties consist of both random
and systematic components, the random (noise) components
usually dominate for HNO;, which has a relatively weak sig-
nal (compared with ozone, for example). The noise contribu-
tion to the uncertainty can be reduced by averaging together
individual measurements.

These calculated uncertainty values are included in the
daily MLS Level 3A HNO3 data files (the Level 3A files for
each geophysical parameter consist of retrieved values on a
vertical grid common to all UARS instruments producing at-
mospheric profiles). The retrieval algorithm, which is based
on sequential estimation, employs an a priori estimate from
a month- and latitude-dependent climatology developed by
the UARS science team. Under conditions of poor measure-
ment sensitivity when the contribution to the retrieved values
from the a priori estimate exceeds 25%, the uncertainties are
flagged with a negative sign. Quality control is imposed on
the MLS HNOj data by discarding retrievals having nega-
tive uncertainty values. -In addition, the Level 3P parame-
ter file associated with each Level 3A file, which contains
other diagnostics identifying bad data records, is examined,
and only profiles for which the flag MMAF_STAT = “G,” “T,”
or “t” and the flag QUALITY_03_205 = 4 (since HNO3 is
retrieved in the 205-GHz ozone band) are used. However,
these quality control measures are not always sufficient to
filter out large spikes in the retrieved HNO3 mixing ratios;
occasional anomalous retrievals are eliminated on an indi-
vidual basis. More detailed information about the quality
of the MLS data is available from the NASA Goddard Space
Flight Center Distributed Access Archive Center (DAAC) as
well as the MLS web page (http://mls.jpl.nasa.gov).

Initial comparisons (over a limited data set) with colo-
cated UARS Cryogenic Limb Array Etalon Spectrometer
(CLAES) HNO; observations [Kumer et al., 1996] show
that the MLS HNO; agrees well at 100 hPa but is usually
0-2 ppbv lower at 46 hPa and 0-4 ppbv higher at 22 hPa
(particularly in the polar regions). However, even where bi-
ases between the two data sets exist, there is good correspon-
dence in the morphology of the CLAES and MLS HNO;
fields. Preliminary comparisons with other correlative data
sets also indicate that MLS overestimates HNO3 abundances
near the profile peak (around 25 km). Further validation of
the MLS HNOj data set is in progress.

2.3. Spatial Resolution of MLS HNO; Data

For optically thin cases such as the HNO3; measurement,
the relative contribution to the measured limb emission (the
weighting function) along the observation path has a Gaus-
sian distribution, the width of which sets the horizontal reso-
lution along the line of sight to ~400 km [Waters, 1993].
The UARS orbital motion during the portion of the limb
scan in which HNOj3 is measured smears the measurements
over ~100 km in a direction perpendicular to the MLS line
of sight. The FOV vertical extent at the tangent point is
~3 km, but version 4 data are produced on a vertical grid
with points spaced three per decade in the logarithm of at-
mospheric pressure, yielding a vertical resolution of ~5 km.
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Thus the retrieved MLS HNOj3 values at a particular geo-
graphic location and atmospheric level essentially represent
averages over a ~400x100x5 km volume of air.

3. Using MLS Data to Study PSCs

An assumption inherent in using MLS observations of
gas-phase HNO; depletion to infer PSC composition is that
the instrument FOV is filled by a single PSC type. Therefore
the suitability of the MLS data for these kinds of studies de-
pends on the scale of the spatial inhomogeneity in the clouds.
The prevalence of PSCs inside the winter polar vortices was
first recognized in satellite solar occultation observations of
aerosol extinction from the Stratospheric Aerosol Measure-
ment (SAM) II experiment [McCormick et al., 1982]. In
particular, these observations show that Antarctic PSCs typ-
ically form at 20 km in the late May/early June time pe-
riod and rapidly develop into extensive regions of enhanced
extinction coincident with areas of low temperature [Mc-
Cormick et al., 1982, 1989; Poole and Pitts, 1994]. How-
ever, the extent of a typical cloud bank cannot be deter-
mined from SAM II data alone since the measurement cov-
erage on a given day is restricted to a fixed latitude that
is generally near the edge of the vortex in winter (away
from the coldest regions in the vortex interior) and since
the instrument field of view is ~200 km [McCormick et
al., 1989]. UARS CLAES measurements of aerosol extinc-
tion have also revealed widespread PSC activity [Mergen-
thaler et al., 1993; Roche et al., 1994; Mergenthaler et al.,
1997], but, again, these data have limited horizontal resolu-
tion (~500 km [Roche et al., 1993]).

The spatial scale of a “typical” type I PSC is probably best
estimated from airborne lidar data. Few such data have been
reported for the Antarctic; although Browell et al. [1988]
observed many PSCs of large vertical and horizontal extent
(>5 km in altitude and >5°-10° in latitude), these data were
collected on flights between late August and late September.
Possibly of more relevance to PSC formation in the Antarctic
early winter time period are the lidar data from several Arc-
tic aircraft missions. PSCs were observed continuously over
the entire latitude range from 76°N to 90°N in multiple lay-
ers between 19 km and 23 km during a flight on January 24,
1984 [McCormick et al., 1985; Kent et al., 1986}-although
temperatures were sufficiently low that these may have been
primarily water ice clouds. Two different sets of lidar data
were obtained during the Airborne Arctic Stratospheric Ex-
pedition (AASE) of the winter of 1988-1989. McCormick
et al. [1990] report lidar measurements from flights on Jan-
uary 24 and 31, 1989, that indicate type I PSCs spanning
about 15° in latitude and 5 km in altitude. These measure-
ments do not distinguish between type Ia and Ib PSCs, but
they do reveal localized areas of type II PSCs embedded in
the type I cloud. Data from a multiwavelength lidar system

- have been used [Browell et al., 1990; Toon et al., 1990a] to

identify several type Ia PSCs extending continuously over
5° in latitude and 5 km in altitude during January 1989. On
occasion, type Ib clouds were observed adjacent to type Ia
clouds; although smaller in scale, the type Ib clouds were
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still characterized by a depth greater than 2 km and a hor-
izontal extent greater than 200 km [Browell et al., 1990].
More isolated regions of type II PSCs were also observed.
During another campaign, the European Arctic Stratospheric
Ozone Experiment (EASOE), an airborne lidar detected a
pervasive type I PSC on December 11, 1991, that extended
over 600 km in the horizontal and 5 km in the vertical [Godin
et al., 1994]. Using the lidar measurements of Browell et
al. [1990], Tabazadeh et al. [1996] found that at locations
where type Ia PSCs were observed, synoptic temperatures
had been below the NAT frost point for at least a day, and
they concluded that synoptic temperature histories could be
used to predict the occurrence of type Ia PSCs. If the main
criterion for type Ia PSC formation is synoptic in nature, then
type Ia PSCs themselves would be expected to exist over
synoptic scales. Indeed, a new analysis of the Browell et al.
[1990] lidar observations (O. B. Toon, personal communi-
cation, 1997) indicates the presence of continuous type Ia
PSCs over vast areas from January 6 to February 2, 1989,
during AASE.

PSCs have also been detected through in situ measure-
ments of aerosol particle size and volume. Large-scale PSCs,
greater than 1000 km in horizontal extent at ~20 km, have
been observed in AASE particle data [Dye et al., 1990, 1992;
Kawa et al., 1992]. The data for one of these PSC encoun-
ters (January 24, 1989) have been found to be consistent
with a type Ib cloud [Drdla et al., 1994; Carslaw et al.,
1994; Tabazadeh et al., 1994a]. Similarly, a flight on July
28, 1994, during the ASHOE campaign intercepted a 500-
km-long portion of a PSC composed of ternary droplets near
the vortex edge at ~20 km [Dye et al., 1996; Del Negro et
al., 1997].

Thus evidence accumulated from remote and in situ mea-
surements indicates that both type Ia (crystalline) and type Ib
(liquid) PSCs routinely extend continuously over spatial
scales comparable to or larger than the MLS FOV. Al-
though, in principle, the change in gas-phase HNOj3 due to a
very patchy NAT PSC could, when averaged over the MLS
FOV, appear instead to indicate a cloud of ternary droplets,
the weight of evidence suggests that this scenario is unlikely
(although patches of type II PSCs smaller than can be re-
solved by MLS are likely to be embedded in large type I
clouds, particularly in the Antarctic). For the purposes of
this investigation we have assumed that the PSCs are uni-
form over the MLS FOV.

Another complicating factor in using the MLS HNOj3
measurements to investigate PSC composition, in addition
to the limited precision and spatial resolution of the data, is
that some critical quantities are not measured and must be
estimated. Interpretation of the data is therefore predicated
on a number of assumptions (which are discussed in detail
in section 4). For these reasons, our results regarding PSC
composition, while suggestive, are not conclusive.

4. Observations and Model Results

To date, MLS has observed six southern hemisphere win-
ters: 1992-1997. However, problems with the UARS so-
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lar array caused the MLS instrument to be turned off during
much of the early winter observing periods in both 1992 and
1995. In June 1995, UARS began operating in an instrument
power sharing mode whereby MLS is periodically turned
off; also at that time an MLS operational schedule consisting
of (typically) 2 days of scanning followed by 1 day of “rest”
was adopted to conserve the lifetime of the antenna scan-
ning mechanism. The limited data coverage and the gaps
in the data for these years are evident in Figure 1, which is
discussed in more detail below. By the time of the 1997
early southern winter, the UARS power situation had de-
graded to the point that MLS measurements were collected
on only 6 days during May and June; these data are not con-
sidered further here. Although they are presented briefly be-
low, because of the short timescales involved, the sporadic
data of 1992, 1995, and 1996 are not so well suited for a
detailed study of PSC formation processes. In both 1993
and 1994, MLS obtained a complete set of daily limb scans
during the early southern winter observing period. In this
study we have chosen to examine the 1994 data more exten-
sively for two reasons: the later onset of low temperatures
and the earlier start of the observing period in 1994 (see Fig-
ure 1), capturing the initial stages of PSC formation, and the
existence of data from the ASHOE campaign and the Po-
lar Ozone and Aerosol Measurement (POAM) II instrument,
providing supplementary information about environmental
conditions in the polar vortex.

4.1. The 1994 Early Southern Winter

The behavior of MLS HNO3 on selected days during the
1994 early southern winter south viewing period (May 24 to
July 3) is shown in Plate 1. The MLS data are gridded by
binning and averaging 24 hours of data and are then verti-
cally interpolated to the 465-K potential temperature (6) sur-
face (ranging from ~30 to 60 hPa for the low temperatures
inside the polar vortex) using United Kingdom Meteorolog-
ical Office (UKMO) temperatures [Swinbank and O’Neill,
1994]. Contours of temperature and potential vorticity (PV)
derived from the UKMO analyses are also shown. Dur-
ing southern late autumn and early winter (June—July), the
lower stratospheric vortex is characterized by strong diabatic
descent but very little latitudinal mixing across its bound-
ary [Manney et al., 1994]. In the absence of othereffects,
these conditions lead to large HNO3 mixing ratios inside the

:vortex like those seen at the beginning of the observing pe-

riod. The decreases observed in the HNO3 abundances dur-
ing winter are unlikely to be caused by dynamical processes
and are attributed here to PSC activity. POAM II aerosol ex-
tinction measurements confirm the existence of PSCs during
this time period [Fromm et al., 1997].

Although 465-K temperatures have been below 195 K
over a sizeable area since mid-May (see Figure 1), gas-phase
HNO; values remain high in most regions of the vortex
through the first week in June. A small pocket of low HNO;
appears in the map on June 7 and intensifies as temperatures
drop below 188 K the next day (not shown). Loss of gas-
phase HNOj3 continues throughout the observing period, so
that by the beginning of July very low HNO;3 concentrations
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Figure 1. The area poleward of 60°S on the 465-K potential temperature surface (expressed as the percent
of the hemisphere) as a function of time within which Microwave Limb Sounder (ML.S) HNO3 mixing ra-
tios are below 4 ppbv (solid triangles) and United Kingdom Meteorological Office (UKMO) temperatures
are below 188 K (dash-dotted lines), 190 K (solid lines), 192 K (dotted lines), and 195 K (dashed lines).
Data for all five southern hemisphere early-winter south looking periods are shown. The solid triangles
denote the days on which MLS performed full vertical scans in each year; data gaps in 1992, 1995, and

1996 are evident (see text).

(3 ppbv or less) are measured throughout the extensive cold
region (not shown).

While maps constructed from gridded data provide a visu-
ally effective means of displaying observations, they can be
deceptive in that the gridding process necessarily smoothes
out the contributions from individual measurements. PSCs
are confined to the cold regions, which in early winter can be
fairly localized; given the spacing of the UARS orbit tracks,
short-lived PSCs of limited geographical extent may be rep-
resented in only one or two MLS data points, or may go
undetected altogether. In Plate 2a the retrieved HNO3 mix-
ing ratios for June 2 are shown again, this time only at the
MLS measurement locations, and in Plate 2b the UKMO
temperatures are shown interpolated to these locations. Rel-
atively low HNO3 mixing ratios are recorded for a few points

where the temperatures are in the range 191-193 K. Al-
though this area does register lower mixing ratios in the map
of gridded data (Plate 1), the depression in HNOj in the low-
temperature region is smaller than suggested by the individ-
ual measurements. In this study we mostly use averages of
MLS data from several measurement locations rather than
either individual observations (because of the noise associ-
ated with each retrieved profile; see section 2.2) or gridded
data (because of the misrepresentation of small-scale fea-
tures inherent in the gridding process). As discussed fur-
ther below, the relationship between reductions in gas-phase
HNOj and variations in temperature is also explored by bin-
ning the data with respect to temperature.

The vertical extent of severely depleted gas-phase HNOs
and its relationship to low temperatures over the UARS
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month are illustrated in Plate 3, which shows MLS HNOj; as
well as UKMO temperature and PV over the potential tem-
perature range 420-585 K. The pink lines are contours of PV
(scaled to yield similar values throughout the 6 domain) that
circumscribe the boundary of the vortex; the cyan and purple
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Plate 2. (a) The 465-K HNOj; mixing ratios shown at the
MLS measurement locations, with no horizontal binning
or averaging performed, for June 2, 1994. (b) The 465-K
UKMO temperatures for June 2, 1994, interpolated to the
latitude/longitude coordinates of the MLS measurements.

187. 191,

lines demark the volumes within which the temperatures are
below 192 K and the HNO3 mixing ratios are below 4 ppbv,
respectively. The surfaces of low HNOj3 along the perime-
ter of these plots are situated outside the vortex and are not
associated with PSC formation. Temperatures in the upper

Plate 1. Maps of MLS HNOj (parts per billion by volume)
for selected days during the 1994 early southern winter south
viewing period, interpolated onto the 465-K potential tem-
perature surface using UKMO temperatures. The maps are
polar orthographic projections extending to the equator, with
the Greenwich meridian at the top and with dashed black cir-
cles at 30°S and 60°S; blank spaces represent data gaps or
bad data points. Superimposed in white are two contours of
UKMO potential vorticity (PV): -0.25x10™* Km?kg~!s™!
(to represent the approximate edge of the winter polar vortex
at this level) and -0.30x10™* Km?kg~! s~! (a second con-
tour to indicate the steepness of the PV gradient and thus the
strength of the vortex). Superimposed in black are two con-
tours of UKMO temperature: 195 K (the approximate exis-
tence threshold for type I polar stratospheric clouds (PSCs)
and 188 K (the ice frost point).
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portion of the vertical range are already well below 192 K
by early June, but the bottom portion of the vortex does not
cool below 192 K until June 8 (although 465-K temperatures
are below 195 K at this time, as stated above). The HNO;
depletion begins at the lowermost levels of the vortex and

1994

Plate 3. Plots illustrating the three-dimensional relationship
between low temperature and severely reduced gas-phase
HNO; inside the polar vortex for selected days during the
1994 early southern winter south viewing period. The verti-
cal coordinate is potential temperature, ranging from 420 K
to 585 K. Latitude circles are shown at 60°S and 80°S, and
longitudes 0° and 90°E are labeled. The pink surface shows
the 1.4 s~! contour of scaled PV (corresponding to the -
0.30x10~4Km?kg~!s~! PV contour at 465 K [see Manney
et al., 1994]), which represents the approximate boundary
of the polar vortex. The cyan surface shows the 192-K con-
tour of UKMO temperature. The purple surface shows the
4-ppbv contour of MLS HNO3. The surfaces of low HNO;
along the perimeters of these plots are situated outside the
vortex and are not associated with PSC formation; the geo-
graphic coverage of the HNO; plot is terminated at 60°S to
minimize the presence of these surfaces. Different perspec-
tives are used on each day to obtain the most unobstructed
view of the vortex.
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Plate 4. Time series of (a) 465-K MLS HNO; and
(b) UKMO temperatures as a function of PV for the 1994
early southern winter south viewing period. PV is expressed
in terms of equivalent latitude (see text). PV contours repre-
senting the approximate edge of the winter polar vortex (see
Plate 1) are overlain in black.

gradually propagates upward. While still highly localized
horizontally, the HNOj3 depletion stretches over a significant
vertical extent by mid-June. By the beginning of July, the
volume of depressed HNO3 concentrations has expanded to
nearly fill the volume of low temperatures at all but the top-
most levels. Although the volume of temperatures below
188 K is smaller, the same plots for June 11 and July 2 us-
ing the 188-K temperature contour (not shown) indicate a
substantially similar relationship between temperature and
gas-phase HNO;s.

The evolution of 465-K gas-phase HNO3; and UKMO
temperatures throughout the observing period is shown in
Plate 4 as a function of PV expressed in terms of equivalent
latitude (i.e., the latitude enclosing the same area as a given
PV contour [Butchart and Remsberg, 1986]). The quanti-
ties represented are analogous to zonal means but are calcu-
lated around PV contours rather than latitude circles. Both
the temporal and the spatial distributions of reduced HNO3
mixing ratios inside the vortex coincide closely with those
of temperatures below 192 K. In contrast, the distribution
of low HNO3 does not correspond to that of temperatures
below 195 K, the value commonly assumed as the threshold
for PSC formation. The correlation in time between varia-
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HNO3 (ppbv)

Plate 5. Maps at 465 K for the days during the 1994 early southern winter south viewing period shown in
Plate 1, constructed from both MLS HNO3; measurements and model calculations of the equilibrium vapor
pressure of HNOj3 over (a) nitric acid trihydrate (NAT), using the formula of Hanson and Mauersberger
[1988], (b) nitric acid dihydrate (NAD), using the formula of Worsnop et al. [1993], and (c) liquid ternary
solutions, using the model of Taubazadeh et al. [1994b]. The maps are based on a H,O mixing ratio of
4.5 ppmv and are constructed using the model values for HNOj3 inside the region where the temperature
is between 186 K and 196 K and the MLS measurements of HNO3 outside of this region.
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tions in MLS HNOj3 mixing ratios and temperature fluctu-
ations (noted for the 1995/1996 Arctic winter by Santee et
al. [1996]) can also be seen in Figure 1. Again, there is a
strong correspondence between the area of gas-phase HNO;
loss and the area of temperatures in the range 190-192 K but
only a weak correspondence between the area of gas-phase
HNOj loss and the area of temperatures below 195 K.

The changes in the observed HNO3 mixing ratios can
be compared with those predicted by various models of
PSC formation. These calculations require a value for the
water vapor mixing ratio. Unfortunately, there are no si-
multaneous colocated UARS measurements of water va-
por since the MLS radiometer used to measure it failed in
April 1993 and the CLAES supply of cryogen was exhausted
in May 1993. Although the UARS Halogen Occultation Ex-
periment (HALOE) also measures water vapor, the HALOE
observing pattern is such that no measurements are obtained
poleward of 50°S during this time period. Therefore we esti-
mate the water vapor abundance inside the vortex from 1992
MLS observations and from NASA ER 2 aircraft measure-
ments made during ASHOE flights on June 1 and June 3,
1994, that. penetrated into the vortex (K. Kelly, personal
communication, 1996). MLS H,O data for the 1992 early
southern winter period are sparse, with only a few days of
data in June and mid-July; they indicate initial water vapor
mixing ratios of 4-5 ppmv throughout most of the vortex
declining to less than 3 ppmv in the coldest regions near the
pole by mid-July [Santee et al., 1995]. The ER 2 measure-
ments indicate water vapor mixing ratios of 5.0-5.2 ppmv
along the flight track traversing 455-460 K and 60°-65°S
(just inside the vortex). On the basis of these observations
we assume a constant water vapor mixing ratio of 4.5 ppmv
for the standard model runs. The sensitivity of the calcu-
lations to the assumed water vapor mixing ratio is explored
below.

Maps of the distribution of HNOj3 for various assumptions
about the controlling thermodynamics are constructed and
compared with the data (Plate 5). We use the formula of
Hanson and Mauersberger [1988] to calculate the equilib-
rium vapor pressure of HNO3; over NAT at the geographic
location of each MLS data point for which the interpolated
UKMO temperature is less than 196 K (i.e., at or below the
existence threshold for type I PSCs) and greater than 186 K
(i.e., at or above the existence threshold for type II PSCs).
To construct these maps, the measured HNOj3 values are re-
tained at the locations where this temperature criterion is not
satisfied (i.e., at the locations where sequestration of HNOj3
in type I PSCs is not predicted). This approach provides a
picture of what MLS would have observed had NAT PSCs
been forming according to the expression of Hanson and
Mauersberger [1988]. Comparison of the maps in Plate 5a
with those of MLS measurements in Plate 1 clearly shows
that although temperatures are low enough to support NAT
PSCs, they are not forming, at least not over spatial scales
comparable to or larger than the ~400x 100 km horizontal
resolution of the MLS measurements. Similarly, we use the
formula of Worsnop et al. [1993] to calculate the equilib-
rium vapor pressure of HNO3; over NAD and construct the
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maps of Plate 5b. Although at first the spatial extent of low
calculated mixing ratios is considerably larger than what is
observed, by mid-June the NAD model provides fairly good
agreement with the MLS HNO; data.

To determine the HNOj3 vapor pressure over ternary solu-
tions, we use the aerosol physical chemistry model (APCM),
described in detail by Tabazadeh et al. [1994b]. The APCM
is an equilibrium model that calculates the partitioning of
HNOj3 between the gas and the aerosol phase for given val-
ues of total HNO3; and H,O mixing ratio and total mass of
sulfate present per unit volume of air. As above, a H,O mix-
ing ratio of 4.5 ppmv is used. We assume a total HNO3
mixing ratio of 12 ppbv based on the MLS measurements
taken inside the vortex prior to significant PSC activity. This
value is consistent with in situ measurements of total reactive
nitrogen (NOy) obtained during ASHOE flights into the vor-
tex in early June (D. Fahey, personal communication, 1996).
The mass of condensed H,SOy is taken to be 0.3 ug/m3
to represent background (nonvolcanic) conditions. Again,
this value is consistent with vortex measurements of sulfate
aerosol volume from the early June ASHOE flights (J. Wil-
son, personal communication, 1996).

Application of the APCM assumes that the ternary
droplets themselves are in thermodynamic equilibrium. Ex-
tensive comparisons between field observations and theory
[Drdla et al., 1994, Carslaw et al., 1994; Tabazadeh et
al., 1994a; Dye et al., 1996; Del Negro et al., 1997] have
confirmed that the growth of stratospheric aerosols is well
described by ternary models that assume equilibrium parti-
tioning of HNO3 and H;O between gas and aerosol phases.
Although some of the particles may depart significantly

...4' n i

185 190 195

Temperature (K)

Plate 6. MLS HNOj at 465 K as a function of UKMO tem-
perature for the 1994 early southern winter south viewing
period. Approximately 8000 MLS data points inside the po-
lar vortex (within the -0.30x10~* Km?kg~! s~! contour of
UKMO PV) were binned into 0.5-K temperature intervals
and averaged (black circles; standard deviations are indi-
cated by error bars). Also shown are the equilibrium vapor
pressures of HNOj3 over NAT (blue line), NAD (green line),
and liquid ternary solutions (red line) calculated assuming a
H,0 mixing ratio of 4.5 ppmv, a total HNO3 mixing ratio
of 12 ppbv, and a sulfate mass loading of 0.3 ug/m> (back-
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-ground conditions).
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Plate 7. Time series (for the 1994 early southern winter south viewing period) of 465-K MLS HNO3;

(black circles) and calculated (see text for details) eq

uilibrium vapor pressure of HNO3; over NAT (blue

triangles), NAD (green triangles), and ternary solutions (red triangles), averaged over the points enclosed
within the annuli between the UKMO temperature contour of 186 K and the contours of 195, 193, and
191 K. The calculations were made using a total HNO3 mixing ratio of 12 ppbv, a HO mixing ratio of
4.5 ppmv, and a sulfate mass loading of 0.3 ug/m? (background conditions). The standard deviations in
the data averages are represented by the error bars, and the standard deviations in the model averages are

indicated by the hatched areas.

from equilibrium, the overall aerosol volume matches that of

‘the equilibrium ternary model very well, implying that the
ternary system is not strongly influenced by the mesoscale
temperature fluctuations [Murphy and Gary, 1995] that oc-
cur continuously in the stratosphere. Even under the rapid
cooling conditions associated with lee wave events, while
the smallest and the largest droplets are affected, the ma-
jority of the particles remain very close to the equilibrium
composition [Meilinger et al., 1995]. Therefore in this study
we have assumed that if only liquid particles are present in
an air mass, then the HNO3 uptake can be accurately repre-
sented by an equilibrium ternary model.

Maps constructed from the MLS data and the ternary so-
lution calculations are shown in Plate 5c. Comparison of
Plates 5a—5c shows that NAT particles are the most efficient,
and ternary droplets the least efficient, in depleting HNO;

from the gas phase. The ternary solution calculations are
in much closer (albeit not perfect) agreement with-the MLS
data during the first days of PSC formation. Eventually,
however, the ternary model underestimates the spread of
HNO3 loss. For intermediate days such as June 11, the best
match to the data would probably be provided by a nonequi-
librium mixture of NAD (Plate 5b) and ternary (Plate 5c)
aerosols.

The relationship between observed HNO3 and tempera-
ture for the entire UARS month is compared to predictions
from the NAT, NAD, and liquid ternary solution models in
Plate 6. For this plot all of the 465-K MLS measurements
obtained inside the polar vortex (approximately 8000 data
points) were binned into 0.5-K temperature intervals and
averaged (black circles, with the standard deviations repre-
sented by error bars). Despite the large amount of scatter in
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the MLS data, it is clear that neither the NAT (blue line) nor
the NAD (green line) models match the average behavior of
the MLS HNOj3 over most of the temperature range. In con-
trast, the ternary solution model (red line) exhibits a temper-
ature dependence similar to that of the MLS data, although it
predicts too little gas-phase HNOj loss for temperatures be-
tween 190 K and 193 K. All three models converge to match
the observations obtained at the lowest temperatures, which
were mainly concentrated toward the end of the month.

A comparison of the changes in the observed and pre-
dicted HNOj3 values over time is presented in Plate 7. Aver-
ages of 465-K MLS HNO; (black circles, with the standard
deviations represented by error bars) are calculated from
points enclosed within the annuli between the 186-K tem-
perature contour and the 195-, 193-, and 191-K temperature
contours. The 186-K lower limit is imposed because no al-
lowance is made for the formation of water ice particles.
Toward the end of the observing period, the 186-K lower
bound eliminates most of the low-HNO3 points in the vortex
interior and leads to increases in the averaged mixing ratios.
For each data point within these temperature contours the
equilibrium vapor pressure of HNO3; over NAT, NAD, and
ternary solutions is calculated as described above in connec-
tion with Plate 5. Averages of the model results are also cal-
culated within the different annuli and are depicted by blue
(NAT), green (NAD), and red (ternary solution) triangles.
The standard deviations in the model averages are indicated
by the hatched areas. :

The assumption of a NAT composition for PSCs leads to
very low HNO; vapor concentrations that are inconsistent
with the MLS observations from late May and early June.
The NAD model predicts HNOj3 values that match the data
closely during the latter half of the observing period; al-
though the initial trend for NAD is similar to that seen in the
data for the 195-K contour average, agreement with the data
is much poorer for the averages at lower temperatures. In
contrast, the behavior predicted for a ternary solution com-
position is in good agreement with the data during the early
stages of HNOj3 depletion for all three temperature contour
averages, with the best agreement attained at the lowest tem-
peratures. Comparison of Plate 7 and Figure 2 shows that
significant incorporation of HNOj into the ternary solution
aerosols does not occur until the average temperatures drop
below ~192 K.

Interpretation of the MLS data on the 465-K isentropic
surface is potentially complicated by the processes of den-
itrification, whereby large PSC particles remove HNO;
through gravitational settling out of the layer, and renitrifi-
cation, whereby particles falling from above enhance HNOj3
through evaporation in the layer. Although various scenar-
ios have been proposed in which denitrification takes place
independent of the formation of water ice clouds [Salawitch
etal., 1989; Toon et al., 1990b; Murphy and Gary, 1995], in
general, the most intense denitrification is expected to be ac-
companied by dehydration. Since we have omitted from our
analyses those regions where type II PSC formation is pos-
sible, the effects of severe denitrification have been largely

eliminated. However, transport processes in the vortex lead -
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Figure 2. Time series (for the 1994 early southern winter
south viewing period) of 465-K UKMO temperatures aver-
aged over the annuli between the temperature contours of
186 K and 195 K (open circles), 193 K (solid squares), and
191 K (open triangles). Also shown are the minimum 465-K
UKMO temperatures within those regions (plus signs; note
that the minimum temperatures within the vortex as a whole,
which are not shown, are much lower).

to dilution of the high HNOj3; concentrations in unperturbed
regions as denitrified air is mixed in. To estimate the impact
of denitrification on the total HNO; available in the PSC-free
portions of the vortex, daily averages of HNOj3 are calcu-
lated from points located inside the vortex but outside the re-
gions where HNO3 mixing ratios are below 10 ppbv. These
averaged HNOj3 values (not shown) exhibit a decrease of
~1.5 ppbv over the course of the observing period. Slightly
larger decreases are obtained when averages are calculated
over regions bounded by smaller HNO3 mixing ratios (e.g.,
~2.5 ppbv for a HNOj cutoff value of 4 ppbv). Because of
the long timescale for HNO; photolysis during polar winter
in the lower stratosphere [e.g., Austin et al., 1986], the de-
cline in these averaged HNOj3 values probably arises mainly
from denitrification. The ternary model is very sensitive to
the total amount of HNO3. Lower abundances of available
HNO3 (e.g., ~6-8 ppbv, rather than 12 ppbv as in Plate 7;
not shown) brought about by denitrification would improve
the agreement between the ternary model and the observa-
tions toward the end of the observing period. However, the
ternary droplets themselves are relatively small in size [e.g.,
Toon et al., 1990a] and are unlikely to cause significant den-
itrification, especially not in the short period of time over
which the best agreement with the measurements switches
from the ternary to the NAD model (see Plate 7). Unlike the
ternary model, the NAD predictions are not strongly depen-
dent on the total HNO3. Although the ternary model could
be made to match the data well throughout the entire observ-
ing period by invoking either rapid denitrification or rapid
HNO; photolysis, a more likely explanation of the behavior
depicted in Plate 7 involves a change of phase from ternary
solutions to NAD.

Temperatures in the layers above 465 K are low enough
for type I and, in the latter half of the study period, type II
PSC formation. Evidence of the vertical redistribution of
HNO; through evaporation of falling PSC particles has been
seen in both hemispheres [Arnold et al., 1989; Hiibler et
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al., 1990; Hofmann and Deshler, 1991; Kawa et al., 1992;
Tuck et al., 1995]. In these cases, however, HNO; enhance-
ment was observed at much lower levels in the atmosphere.
Renitrification requires evaporation to halt particle sedimen-
tation and liberate gas-phase HNO3. Temperatures at 465 K
remain below the NAT existence threshold in much of the
vortex throughout this UARS month. Therefore any PSC
particles that form at higher altitudes and are large enough
to undergo gravitational settling would likely pass through
the 465-K level without evaporating.

Another process affecting HNO3 abundances in the lower
stratosphere is diabatic descent. Results from a three-dimen-
sional Lagrangian transport calculation (not shown) similar
to those described by Manney et al. [1995a] indicate that de-
scent leads to an increase in vortex-averaged HNOj; at 465 K
of ~0.5 ppbv over the 30 days between June 2 and the end of
the observing period. However, the calculations show essen-
tially no change in HNO; when averages are limited to the
low-temperature areas. The differences between the two sets
of averages reflect the fact that descent during early southern
winter is stronger along the vortex edge than in its interior
[Manney et al., 1994], where the cold regions are predom-
inantly confined. In any case, vertical transport produces
only small increases in the HNO3 mixing ratios at 465 K
during this UARS month. Since these increases are offset by
the effects of denitrification and HNOj3 photolysis discussed
above, we do not consider them further.

Of greater importance in interpreting the MLS HNOj3
measurements are the uncertainties associated with various
model parameters. One means of assessing these uncertain-
ties is to explore a range of parameter values in performing
the model calculations of Plate 7. Plate 8, discussed below,
illustrates the sensitivity of the model calculations to the as-
sumed water vapor mixing ratio, the temperature, and the
assumed sulfate aerosol loading. For all cases shown, the
averages are calculated from points enclosed within the an-
nulus between the 186-K and 195-K temperature contours
using a total HNO3 mixing ratio of 12 ppbv; these results
can be compared with those of the top panel of Plate 7. In
general, the model calculations exhibit much less sensitivity
for averages computed within the 191-K temperature con-
tour.

Model calculations were performed for a series of water
vapor mixing ratios using the nominal UKMO temperatures
and background aerosol conditions. Results for the extremes
of 3 and 6 ppmv are shown in Plate 8a since they bracket the
behavior of the predicted HNO;. Although the MLS data
indicate water vapor mixing ratios on the order of 3 ppmv
by mid-July, they do not support such extensive water va-
por loss in the late May/early June time frame [Santee et al.,
1995]. Nevertheless, the top panel of Plate 8a shows that the
agreement of both the NAT and NAD models with the data
could be significantly better than that of the standard run if
we have overestimated the water vapor abundance. In the
case of water mixing ratios larger than those of our standard
run, the bottom panel of Plate 8a shows even better agree-
ment between the data and the ternary solution model.

We also investigate the influence of possible tempera-
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ture biases on the model resuits. Differences between the
UKMO analyses and radiosonde observations at 50 hPa at
high southern latitudes during May and June are typically
within about +1 K, with even smaller systematic biases
(<0.5 K) indicated [Manney et al., 1996]. Varying the tem-
perature by +1 K from the nominal UKMO value at each
point yields results (not shown) in which the ternary and
NAD models exhibit a similar level of agreement with the
data, but the NAT model still significantly overestimates
the HNO;3 depletion throughout the observing period. Re-
sults from the more extreme case of varying the tempera-
ture by 3 K from the nominal UKMO value at each point
are shown in Plate 8b (for a total water vapor mixing ra-
tio of 4.5 ppmv and background aerosol conditions). Note
that shifting the temperature by this amount at each point
causes a different set of measurements to be enclosed within
the annulus between the 186-K and 195-K temperature con-
tours, resulting in data averages much different from those
of Plate 7. Although differences between UKMO and ra-
diosonde temperatures of this magnitude occur only occa-
sionally during this time period, Plate 8b shows that if the
UKMO temperatures are systematically biased high by 3 K
(top panel), then the discrepancy between the data and the
NAT and NAD models is greater than indicated by the stan-
dard run, whereas the ternary model provides a fairly good
match to the data throughout the entire month; if the UKMO
temperatures are systematically biased low by 3 K (bottom
panel), then the agreement of NAT with the data is improved
over that of the standard run, particularly during the latter
half of the period. Note that comparisons of UKMO and ra-
diosonde observations [Manney et al., 1996] do not support
the existence of systematic biases larger than ~1 K at any
time during the southern hemisphere winter and suggest that
systematic biases are even smaller in May and June.

In Plate 8c the sulfate mass is varied between 3 and
30 ug/m® (using the nominal UKMO temperatures and a to-
tal water vapor mixing ratio of 4.5 ppmv). Although un-
affected by the sulfate aerosol loading, the NAT and NAD
model curves are retained for consistency. Enhancement of
the total sulfate mass leads to greater uptake of gas-phase
HNO3, as shown previously by Carslaw et al. [1994] and
Tabazadeh et al. [1994b]. The bottom panel of Plate 8c rep-
resents strongly perturbed volcanic conditions; the top panel
shows that if we have underestimated the residual effects
from the Mount Pinatubo eruption, then the agreement of
the ternary model with the data could be worse at the begin-
ning of the observing period than indicated by the standard
run.

Finally, in Plate 8d we explore the potential impact on the
model comparisons of bias errors in the MLS HNO3 mea-
surements. The model calculations are made using the stan-
dard values (H,O = 4.5 ppmv, total HNO3; = 12 ppbv, sul-
fate mass = 0.3 ug/m?) as in Plate 7, but the MLS data are
shifted by £2 ppbv at each measurement location. Plate 8d
shows that if the HNOj3 retrievals interpolated to 465 K are
biased high by 2 ppbv (top panel), then the agreement with
the NAD model is considerably better than indicated by the
results of Plate 7. On the other hand, a low bias of 2 ppbv in
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Plate 8a. Time series, as in Plate 7, to illustrate the sensitivity of the HNO3 vapor pressure calculations to
the assumed water vapor mixing ratio, which is varied between 3 and 6 ppmv. The averages are calculated
from points enclosed within the annulus between the 186-K and 195-K temperature contours using a total

HNO3; mixing ratio of 12 ppbv.

the MLS data (bottom panel) would point to an even greater progresses are matched better by a NAD model is consistent

with a scenario proposed by Tabazadeh et al. [1994a, 1995,
1996] based on analysis of aircraft data. According to this

scenario, ternary solutions form in air masses in which the

That the data are matched better by a ternary solution background sulfate aerosols are liquid (e.g., in the first cool-

discrepancy between the data and the NAT and NAD mod-
els. Further validation efforts to quantify any bias errors in

the MLS HNOj; data are currently underway.

ing cycles) and the temperatures have recently dropped a few

model during the initial stages of PSC formation but as time
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Plate 8b. Same as in Plate 8a, but for the tem
temperature at each measurement location.
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Plate 8c. Same as in Plate 8a, but for the assumed total sulfate mass, which is varied between 3 and

30 ug/m3.
ation arises after some of the ternary droplets freeze, and lar stratosphere by Worsnop et al. [1993]. In addition, the

transfer of HNOj3 vapor from the ternary solution dropletsto MLS observations (see Plate 7) suggest that the first crys-

the more stable crystalline particles takes place, with even-

degrees below the NAT condensation point. After exposure the HNOj3 vapor pressure, initially at the ternary limit, grad-
tual complete conversion. That is, a nonequilibrium situ-

to low temperatures for more than ~1 day, NAT or NAD par-
ticles begin to nucleate, and a mixed cloud results while a dynamically more favorable NAT or NAD particles.
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Plate 8d. Time series, as in Plate 7, to explore the potential impact on the model comparisons of bias

errors in the MLS HNOs3, which is varied by 2 ppbv from the nominal mixing ratio at each measurement

location. Model calculations are made using the standard parameter values as in Plate 7.
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Plate 9. Same as in Plate 1, but for the 1992 early southern
winter south viewing period.

MLS data indicate that the conversion of ternary solutions
to NAD occurs more slowly (spanning at least several days)
than suggested by Tabazadeh et al. [1996].

This scenario is also supported by the analyses of Larsen
etal. [1996, 1997]. They examined balloon-borne backscat-
ter measurements from several Arctic winters, along with

SANTEE ET AL.: MICROWAVE LIMB SOUNDER HNO3; OBSERVATIONS

back trajectory calculations, and found that ternary solutions
were observed predominantly in air masses that were in the
process of undergoing relatively fast cooling, whereas most
solid type Ia PSCs exhibiting the characteristics of NAT had
aged at temperatures below the NAT condensation point for
more than 1-2 days. In addition, Dye et al. [1996] reported
that particle volumes observed at the lowest temperatures
during the ASHOE PSC encounter were not entirely consis-
tent with an equilibrium ternary model, and they suggested a
mixture of ternary droplets with NAT or other solid phases.
In section 5 we use trajectory calculations to further investi-
gate the evolution of the PSC composition.

4.2. The 1992 Early Southern Winter

At the start of the 1992 early southern winter south view-
ing period on June 2 (Plate 9), HNO3; abundances are high
in the portion of the vortex where temperatures are above
~195 K, due to diabatic descent as discussed above. How-
ever, a deficit in gas-phase HNOj3 is apparent inside most
(but not all) of the region where temperatures are below
~195 K, more or less conforming to the pattern expected
for crystalline type I PSCs. These observations are in con-
trast to the large HNO3 mixing ratios observed throughout
most of the vortex, including the low-temperature region, in
early June 1994 (see Plate 1 and Figure 1). Operational con-
straints precluded the acquisition of additional data during
1992 until June 15 (Plate 9), by which time temperatures
over a broad region have dropped below 188 K, and HNO;
maps for the two years appear substantially similar.

The difference in the behavior of MLS HNO;3; during
early June in 1992 as compared with 1994 is probably re-
lated to the sulfate aerosol loading following the eruption
of Mount Pinatubo [e.g., Tabazadeh et al., 1994b; Carslaw
et al., 1994]. Russell et al. [1996] have shown that the
stratospheric particle optical depth in April 1992 at 60°S—
70°S was enhanced by roughly a factor of 20-30 over pre-
Pinatubo levels. In Plate 10 we show HNO3; maps con-

1992

4.0

20 8.0

LR
8.0 10. 12.

HNOS3 (ppbv)

Plate 10. Same as in Plate 5 for (a) NAT, (b) NAD, and (c) liquid ternary solutions (using a total sulfate

mass of 10 ,ug/m3), for June 2, 1992.
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Plate 11. Same as in Plate 6, but for the 1992 early south-
ern winter south viewing period. The averages represent ap-
proximately 6300 MLS data points inside the polar vortex.
The ternary model curve was calculated using a sulfate mass
loading of 10 ug/m3 to account for the Pinatubo enhance-
ment.

185

200

structed for June 2 from the MLS data and the various PSC
composition models using a HO mixing ratio of 4.5 ppmv
and a total HNO3 mixing ratio of 12 ppbv, as discussed in
connection with Plate 5, and a total sulfate mass of 10 ug/m>
torepresent the Pinatubo enhancement. Although the ternary
model significantly underestimates the HNO; uptake for sul-
fate mass loadings of 0.3 ug/m3 and 3 ug/m3 (not shown),
it agrees fairly well with the data for a sulfate mass of
10 ug/m3. However, the models constrained by the ther-
modynamics of NAD and NAT also agree reasonably well
with the observed HNOs. The single MLS observation day
at the beginning of the 1992 early southern winter study pe-
riod does not allow us to definitively distinguish between any
of the compositions. However, the temperature dependence
of the HNO3 measurements obtained inside the polar vortex
during the course of the observing period, shown in Plate 11,
indicates that a ternary solution model using a sulfate mass
of 10 ug/m? predicts reductions in gas-phase HNO; similar
to those observed by MLS.

4.3. The 1993 Early Southern Winter

As in 1994, MLS obtained a complete set of daily limb
scans during the 1993 early southern winter south looking
period (May 29 to July 7; selected days shown in Plate 12).
Unlike in 1994, however, in 1993, MLS did not resume south
viewing in time to capture the incipient stage of PSC forma-
tion. As indicated in Figure 1, the areal extent of HNO3 mix-
ing ratios below 4 ppbv measured on the first day of the 1993
observing period is not achieved in 1994 until approximately
June 9, midway through that observing period. The relation-
ship between low HNOj3 and low temperature for these days
is different for the two years: In 1993, the areal extent of
low HNOj3 values is comparable to that of temperatures be-
low 192 K, but in 1994 it is much smaller. In fact, in 1994 the
areal extent of low HNOj3 remains smaller than that of tem-
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the eruption of Mount Pinatubo. Russell et al. [1996] have
shown that the stratospheric particle optical depth in April
1993 at 60°S to 70°S was still enhanced by roughly a fac-
tor of 10 over pre-Pinatubo levels: Equilibrium calculations

TETEEE ] T
60 80 10. 12

HNOS (ppbv)

peratures below 190 K for several days. A possible explana-  Plate 12. Same as in Plate 1, but for the 1993 early southern
tion for this difference is the lingering aftereffects in 1993 of winter south viewing period.
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Plate 13. Same as in Plate 6, but for the 1993 early south-
ern winter south viewing period. The averages represent ap-
proximately 8500 MLS data points inside the polar vortex.
The ternary model curve was calculated using a sulfate mass
loading of 3 ug/m? to account for the residual Pinatubo en-
hancement.

have demonstrated that HNOj; uptake into ternary solutions
occurs at higher temperatures, and is larger at a given tem-
perature, under volcanic conditions [Carslaw et al., 1994;
Tabazadeh et al., 1994b].

SANTEE ET AL.: MICROWAVE LIMB SOUNDER HNO3; OBSERVATIONS

The HNOjs/temperature relationship inside the vortex for
this observing period (Plate 13) shows that a ternary solu-
tion model using a total sulfate mass of 3 ug/m? to account
for the residual Pinatubo enhancement agrees well with the
MLS data. In Plate 14 the changes over time in the observed
HNOj; mixing ratios are compared with those predicted by
the various PSC composition models (using a H,O mixing
ratio of 4.5 ppmv, a total HNO3 mixing ratio of 12 ppbv,
and a total sulfate mass of 3 ug/m?). As was seen for the
1994 data, the NAT model severely underestimates the ob-
served HNO3; abundances, while the NAD model calcula-
tions match the data closely in the latter half of the observing
period and the ternary model provides excellent agreement
initially.

Comparison of Plate 14 with Plate 7 reveals that the
ternary calculations provide a good description of the data
after PSC formation begins for a much longer duration in
1993 than in 1994. This is probably related to the significant
differences in composition between ternary solutions formed
under volcanic conditions and those formed under back-
ground aerosol conditions [Tabazadeh et al., 1994b]. These
compositional differences during volcanically perturbed pe-
riods may give rise to changes in the NAT or NAD saturation
ratio that hamper the formation of crystalline PSCs from the
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Plate 15. Same as in Plate 1, but for the 1995 early southern
winter south viewing period.

ternary solutions. Plate 14 suggests, however, that the con-
version to NAD did eventually take place in 1993.

4.4. The 1995 Early Southern Winter

The first and last days for which MLS data are avail-
able during the 1995 early southern winter are June 7 and
June 16, respectively (Plate 15). Figure 1 shows that in 1995
temperatures have been below 190 K since the beginning of
June, and by the first day of MLS observations there is al-
ready a substantial area of low HNO3 mixing ratios. Again,
MLS has not observed the onset of PSC formation. Although
the NAD model produces HNO; depletion over too broad an
area, especially for the first few days of measurements, it still
provides the best agreement with the MLS data (not shown).

4.5. The 1996 Early Southern Winter

During the 1996 early southern winter the lower strato-
sphere was substantially colder than average [Climate Pre-
diction Center, 1996], with 465-K minimum temperatures
continuously below 195 K after May 7 and 188 K after
May 22. The earlier onset and greater area of very low tem-
peratures in the 1996 early winter is evident in Figure 1. Be-
cause of UARS power limitations, MLS measurements are
not available during this period until May 22, by which time
PSC formation has already begun (Plate 16). Although the
progression of HNO3 depletion appears similar for 1996 and

13,303

1994, its relationship with low temperature is not: Initially,
the extent of the reduction in gas-phase HNO3 within the re-
gions of lowest temperature is smaller in 1996 than in 1994,
In fact, Figure 1 shows that despite the very low temper-

—
10. 12,

HNO3 (ppbv)

R RN ot stadl ]

Plate 16. Same as in Plate 1, but for the 1996 early southern
winter south viewing period.
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Plate 18a. Same as in Plate 7, but for the 1996 early southern winter south viewing period, using a HNO3

mixing ratio of 12 ppbv, background aerosol conditions, and a H,O mixing ratio of 4.5 ppmv.
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Plate 18b. Same as in Plate 18a, but for a HyO mixing ratio of 3.0 ppmv.

these regions throughout the observing period. In Plate 18a
we show the time series of observed HNO3 mixing ratios av-
eraged within the low-temperature regions along with those
predicted by the various PSC composition models using the
standard values of H,O=4.5 ppmv, HNO3;=12 ppbv, and
H,S04=0.3 ug/m>. Again, in contrast to the results for ear-
lier years, in 1996 the ternary solution model initially over-
estimates the degree of HNO5 uptake. There is some indica-
tion in Plate 18a that the agreement with the data improves
by the middle of the month for a ternary composition; this
may be significant or it may simply be a coincidence since
the MLS data exhibit a decreasing trend throughout this pe-
riod. ,

It is unlikely that nonequilibrium conditions can explain
the 1996 MLS observations. As discussed in section 4.1,
even under conditions of rapid cooling liquid ternary solu-
tions maintain a nearly equilibrium composition. A nonequi-
librium mixture of NAT or NAD particles and ternary
droplets is possible, but in this case the resulting HNO3 va-
por pressure would be between those of the solid and lig-
uid phases. That is, if a majority of the particles are liquid,
then gas-phase HNOj; depletion would be at least as large as
that due to HNOj3 uptake into ternary solutions; the presence
of some solid particles (over which the HNO;3 vapor pres-

sure is lower) would lead to even greater gas-phase HNO;
loss. Since the observed HNO;3 vapor pressure in Plate 18a
is higher than that predicted by either NAT/NAD or ternary
models, a cloud of mixed NAT/NAD and ternary phases can
be ruled out.

To explore the possibility that the lack of agreement be-
tween the ternary model and the data arises because the as-
sumed abundance of available HNOj (12 pbbv) is too low,
we have run the ternary model with the total HNO3 mixing
ratio set to 15 ppbv (not shown). While a slightly better fit to
the data is achieved for the 195-K contour average, improve-
ments for the averages at lower temperatures are negligible.
Results from a second sensitivity test in which the H,O mix-
ing ratio is reduced to 3 ppmv, while the HNO3 mixing ratio
is kept at 12 ppbv, are shown in Plate 18b. This case yields
behavior more akin to that seen in previous years, with an
excellent match to the data provided by the ternary model
during the initial HNO3 depletion and by the NAD model
thereafter.

Although the HNO;3; and H,O abundances utilized in
Plate 18b allow a good match to the MLS data to be
achieved, they may not be representative of actual strato-
spheric conditions. As discussed in section 4.1, water vapor
mixing ratios at the beginning of the winter season would
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typically be expected to be in the range of 4-5 ppmv. Val-
ues of 3 ppmv or less have been measured inside the vortex
in August and September [Kelly et al., 1989; Santee et al.,
1995], but these measurements followed the period of exten-
sive dehydration due to the sedimentation of type II (water
ice) PSCs. Sufficient time has not elapsed since the onset
of low temperatures for significant dehydration to have oc-
curred by May 22, but even if it had, a concomitant diminu-
tion of the HNO3 should have been observed. Type II PSCs
also incorporate HNO; vapor, either through the simultane-
ous cocondensation of HNO3 and H,O molecules during ice
growth or as NAT particles that serve as condensation nu-
clei for ice crystals [Toon et al., 1989; Turco et al., 1989].
Thus it seems unlikely that the H,O mixing ratios could have
dropped to relatively low levels while the HNO3 mixing ra-
tios remained undiminished.

Alternatively, it may be that temperatures fell to suffi-
ciently low values sufficiently quickly that a majority of the
background sulfate aerosols froze, precluding the formation
of ternary solutions. The presence of at least some frozen
sulfate cores would promote the growth of a HNO3;/H,0
solid phase referred to as a type Ic PSC by Tabazadeh and
Toon [1996]. Laboratory studies of the deposition of H,O
and HNO; vapors onto a solid surface (either glass or SAT)
[Hanson, 1992; Marti and Mauersberger, 1993; Iraci et al.,
1995] have found evidence for the formation of a metastable
water-rich HNOjs-containing solid- phase over which the
HNO3 vapor pressure is relatively high (as much as 10-20
times higher than that over NAT). As this HNO3/H,O solid
phase would also be characterized by a higher HNO; va-
por pressure than a ternary solution, its formation could ex-
plain the initial discrepancy between the ternary model and
the MLS data in Plate 18a. In this case, the better agree-
ment between the measured HNO3 and the NAD model at
the end of the observing period could indicate the transfer of
vapor from the water-rich solid to NAD as the particles age.
A new class of large, water-rich particles has been postu-
lated by Shibata et al. [1997] to explain ground-based Arc-
tic lidar measurements that do not conform to the existing
type Ia/b PSC definitions. Evidence to support the forma-
tion of a water-rich HNO3/H; O solid phase has also been re-
ported by Tabazadeh et al. [1995] and Tabazadeh and Toon
[1996] from an analysis of aircraft observations of PSCs in
both the Arctic and the Antarctic. They found the initial de-
pletion of gas-phase HNOj3 due to a type Ic PSC to be only
about 2-3 ppbv, which corresponds very closely to the MLS
observations shown in Plate 18.

5. Trajectory Calculations

In the PSC formation scenario of Tabazadeh et al. [1994a,
1995, 1996] briefly described above, the thermal history of
the air mass is critical to the phase of the PSC since it deter-
mines the physical state of the preexisting aerosols. These
aerosols are liquid in an air mass that either has never been
exposed to temperatures low enough for the H,SOy4 to freeze
as SAT (i.e., near the ice frost point [e.g., Middlebrook ¢t

_al., 1993; Koop et al., 1995]) or has recently experienced |
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temperatures high enough for SAT to melt (i.e., about 210—
220 K [Middlebrook et al., 1993; Zhang et al., 1993b]). On
the other hand, the aerosols may freeze through a cooling to
temperatures near the ice frost point. In addition, Iraci et al.
[1994] and Tabazadeh et al. [1995] have proposed that af-
ter experiencing low temperatures, the H,SO4 aerosols may
crystallize to SAT upon subsequent warming to about 196—
198 K (as observed in the laboratory by Iraci et al. [1994]).

To investigate the correlation between synoptic-scale tem-
perature history and PSC composition as inferred from MLS
measurements of gas-phase HNOj3, we perform 20-day back
trajectory calculations for selected days in each year. As de-
scribed in more detail by Manney et al. [1994], the three-
dimensional calculations use horizontal winds and temper-
atures from the UKMO data assimilation system [Swin-
bank and O’Neill, 1994]. The trajectory code is formulated
in isentropic coordinates and employs a standard fourth-
order Runge-Kutta scheme. To account for diabatic effects,
a recent version of the middle atmosphere radiation code
(MIDRAD) first described by Shine [1987] is used to com-
pute vertical velocities (d6/dt). Since MLS data do not pro-
vide uninterrupted daily coverage, a climatological ozone
field is used for the radiation calculations. The impact on the
heating rates of using climatological rather than MLS ozone
was determined to be negligible by Manney et al. [1994].
Although, in general, the large-scale air motion is simulated
well by these calculations, Manney et al. [1995b] found that
they underestimated the magnitude of the diabatic descent in
the 1992 Antarctic early winter, based on comparisons with
passive tracers measured by CLAES on UARS.

For each trajectory run, parcels are initialized at 465 K in a
box defined within the region inside the vortex where HNO;
mixing ratios are below 4 ppbv; the total number of parcels
in the box is chosen to be 100 (10 on a side), 400 (20 on
a side), or 900 (30 on a side), depending on the geographic
extent of the HNOj; depletion on that day. The initializa-
tion time is 1200 UT, and parcel positions are saved every
4 hours. Temperature histories are then constructed by inter-
polating UKMO temperatures (available once daily, at 1200
UT) to the time, latitude, longitude, and © values of these
parcels throughout the 20—day run. Overall diabatic effects
are found to be essentially similar for runs in all five years,
with parcels descending approximately 20 K in the 20 days
leading up to the initialization day.

Temperature histories for selected days during the 1994
PSC formation period are shown in Figure 4. Parcels ini-
tialized inside the small area of depleted HNO; on June 7
(see Plate 1) had experienced a fairly flat synoptic temper-
ature trend (Figure 4a) prior to cooling below 192 K in the
last 24 hours. Trajectories run back from the next 6 days ex-
hibit similar features: The parcels experienced large temper-
ature excursions, but they did not undergo significant or sus-
tained cooling until a precipitous drop in temperature (to the
ice frost point or below) occurred during the day before the
initialization day. This behavior is illustrated in Figure 4b
for June 11. The large temperature oscillations in 1994
arose from a combination of the strength and direction of
the winds and the shape and location of the low-temperature



SANTEE ET AL.: MICROWAVE LIMB SOUNDER HNO3; OBSERVATIONS

areas relative to the vortex. Since a new set of parcels was
brought into the cold region each day, ternary solution PSCs
continued to form, but the exposure time to low temperatures
was too short for the phase transformation to NAD to occur.
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This is consistent with the results shown in Plates 5 and 7,
which indicate best agreement with the ternary model at this
time. By June 13 (Figure 4c), conditions were such that the
average temperature of the parcels had briefly dipped below
192 K about 6 days earlier; this may have triggered the for-
mation of some ternary solution PSCs which then converted
to NAD, resulting in a mixed cloud as new ternary solutions
formed when the temperatures again fell below 192 K on
the day before the initialization day. Not until June 16 (Fig-
ure 4d) had the parcels initialized within the low-HNO3 re-
gion experienced low temperatures for an extended period of
time. Observed HNOj for this and subsequent days is most
consistent with the NAD model (Plates 5 and 7), suggesting
that exposure to low temperatures for at least several days is
necessary for significant formation of NAD.

In Figure 5 we show temperature histories for selected
days during the early part of the 1993 observing period. Tra-
jectories from the small area of depleted HNO3 on May 29
(the first day of the observing period; see Plate 12) indicate
that these parcels had cooled below 192 K within the last
24 hours (Figure 5a). This pattern of recent cooling below

192 K for parcels originating within the low-HNOj region

continued through June 1 (Figure 5b). Although some of the
aerosols may have undergone crystallization upon warming
from ~192 K to above 196 K, in general, the temperature
histories are such that a majority of the preexisting aerosols
were probably in a liquid state, setting the stage for the for-
mation of ternary solution PSCs. By June 2 (Figure 5c), the
area of depleted HNO3 was more extensive (see Plate 12),
and the average temperature of the parcels initialized in this
region had been continuously at or below 192 K for almost
3 days and had hovered around 192 K for several days before
that. Similarly, by June 7 (Figure 5d) the parcels initialized
in the low-HNO3 region had, on average, experienced tem-
peratures at or below 192 K for almost 8 days. Despite the
prolonged exposure of these parcels to low temperatures, the
model calculations of Plate 14 indicate that better agreement
with the data is still achieved at this time using a ternary
rather than a NAD composition. As in section 4.3, we at-
tribute this delay in the conversion to NAD to the residual
enhancement in aerosol loading from the eruption of Mount
Pinatubo.

In both 1992 and 1995, MLS data sampling during early
southern winter was limited, and PSC formation was already
well underway by the time observations of the southern high
latitudes resumed. The extent of HNO3 loss on the first day

~ of the observing period in these years (June 2 and June 7,

Figure 4. Temperature histories along 20—day back trajec-
tories for the ensemble of parcels located within the region
inside the vortex where HNOj3 concentrations are less than
4 ppbv on (a) June 7, 1994, (b) June 11, 1994, (c) June 13,
1994, and (d) June 16, 1994. Dashed lines indicate T =
188 K and 192 K. The black circles represent the aver-
age temperatures of these parcels at each time step (every
4 hours), and the error bars represent the standard deviations
in the averages.
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respectively) is similar (see Figure 1). In Figure 6a we
show the temperature histories of parcels initialized within
the low-HNO3 region on June 2, 1992. In the preceding
weeks these parcels experienced a more or less steady tem-
perature decline, and the preexisting aerosols were proba-
bly in a liquid state. Just prior to the observation day, the
parcels were exposed to temperatures below 192 K for about
3 days, despite a slight warming trend. These conditions are
consistent with the formation of ternary solutions. Because
3 days probably would not have allowed sufficient time for
NAD nucleation, particularly under the greatly enhanced
aerosol loading still present from the Mount Pinatubo erup-
tion (see above), it is likely that the low-HNOj3 observed on
June 2 was due to a persistent ternary phase (compare with
Plate 10). However, our observations do not exclude a NAD
composition. By 1995 the aerosol loading had essentially re-
turned to background levels. The temperature histories of the
parcels originating within the low-HNO3 region on June 7,
1995, are shown in Figure 6b. These parcels had experienced
temperatures below 192 K around 8-10 days earlier and had
been continuously below 192 K for more than 3 days, allow-
ing time for an initial ternary phase to transform into NAD,
as suggested by the observations discussed in section 4.4.
Finally, temperature histories for the 1996 PSC formation
period are shown in Figure 7. The average temperature of the
parcels initialized inside the small area of depleted HNO3 on
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May 22 (see Plate 16) had just dropped to 192 K (Figure 7a);
however, the average temperature had been this low on two
previous occasions, after which some portion of the parcels
encountered temperatures above 196 K. By May 25 and 26
(Figures 7b and 7c), the parcels had been exposed to temper-
atures below 192 K for more than 6 days and below 188 K
for 2 days, and by May 28 (Figure 7d) the parcels had been
exposed to temperatures below 192 K for 11 days and below
188 K for 5 days; yet in all these cases the MLS data in-
dicate higher gas-phase HNOj values than predicted by any
of the PSC composition models (see Plate 18). The parcels
originating within the low-HNO;3 region on these days ex-
perienced larger sustained synoptic cooling rates and spent
more time at temperatures near the ice frost point than in pre-

'vious years. Hence a larger fraction of the sulfate aerosols

may have frozen in the early winter of 1996, inhibiting the
growth of ternary solutions. The presence of frozen sulfate
cores would lead to the emergence of type Ic PSCs, whose
relatively high HNO3 vapor pressure provides the best match
to the pattern of depletion seen in the 1996 MLS HNO; data.

6. Summary and Implications

We have examined MLS HNO3; measurements obtained
at the beginning of five southern hemisphere winters: 1992—
1996. The observed evolution of the gas-phase HNOj;
was compared against that predicted by NAT [Hanson and
Mauersberger, 1988], NAD [Worsnop et al., 1993], and
liquid ternary solution [Tabazadeh et al., 1994b] mod-
els and correlated with temperature histories from three-
dimensional back trajectory calculations to infer the com-
position of the PSCs that formed in early winter each year.

MLS observations of the changes in gas-phase HNO; sug-
gest that the first PSCs to form are composed of either lig-
uid ternary solutions or a metastable water-rich solid phase,
depending on the physical state of the background sulfate
aerosols. This is consistent with the PSC formation scenario
of Tabazadeh et al. [1994a, 1995, 1996]. According to this
scenario, if the preexisting aerosols are liquid, then ternary
solutions form as the temperature drops below about 192 K,
a few degrees below the NAT condensation point. After pro-
longed exposure to low temperatures, NAT or NAD particles
begin to nucleate, and a mixed cloud results while a trans-
fer of HNO3 vapor from the ternary solution droplets to the
more stable crystalline particles takes place, with eventual
complete conversion. This paradigm can explain the MLS
1994 observations, which show better agreement with the
ternary solution model in the initial stages of PSC forma-
tion but which are matched best by the NAD model as time
progresses and the air masses have been exposed to low tem-
peratures for several days. Although the 1995 MLS data are
too sparse to allow a definitive conclusion, they also appear
to be consistent with this PSC formation scenario.

The basic PSC formation process outlined above also ap-
plies to MLS measurements from 1993, when the strato-
spheric particle optical depth was still elevated by roughly
a factor of 10 following the eruption of Mount Pinatubo
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[Russell et al., 1996]. However, the 1993 MLS data in-
dicate that HNO3 uptake into ternary solutions occurs at
higher temperatures under enhanced aerosol conditions, as
predicted by Carslaw et al. [1994] and Tabazadeh et al.
[1994b]. In addition, the data suggest that the conversion
to NAD is delayed under volcanic conditions, since even
after the air masses have experienced temperatures below
192 K for almost 8 days the ternary model still provides
a better match to the data than the NAD model. This is
probably related to the significant differences in composi-
tion between ternary solutions formed under volcanic condi-
tions and those formed under background aerosol conditions
[Tabazadeh et al., 1994b]. These compositional differences
during volcanically perturbed periods may result in changes
in the NAD saturation ratio that hinder the formation of crys-
talline PSCs. After exposure to low temperatures for about
2 weeks, however, the 1993 MLS data are matched best by
the NAD model. The MLS data for 1992, when the strato-
spheric particle optical depth was enhanced by roughly a fac-
tor of 20-30 over pre-Pinatubo levels [Russell et al., 1996],
may also indicate a persistent ternary phase, but again, the
data are too sparse to conclusively distinguish between NAD
and ternary solution compositions.

MLS measurements from 1996 indicate less HNO; de-
pletion than predicted by any of the PSC composition mod-
els. During the 1996 early southern winter the lower strato-
sphere was substantially colder than average, and the air
masses participating in the initial HNO; depletion experi-
enced larger sustained synoptic cooling rates and spent more
time at temperatures near the ice frost point than in the
previous years. Hence a majority of the sulfate aerosols
may have frozen in the 1996 early winter, inhibiting the
growth of ternary solutions. According to the PSC forma-
tion mechanism of Tabazadeh et al. [1994a, 1995, 1996],
background aerosols in a frozen state promote the initial for-
mation of a metastable water-rich HNO3-containing solid
phase (type Ic), over which the HNO; vapor pressure is rel-
atively high. The 1996 MLS HNOs data are consistent with
the magnitude of the gas-phase HNO; depletion attributed to
type Ic PSCs by Tabazadeh and Toon [1996]. Better agree-
ment between the measured HNO;3 and the NAD model at
the end of the observing period may indicate the transfer of
vapor from the water-rich solid to NAD as the particles age.
Some type Ic PSCs may also have formed in the previous
years studied, but their presence would have been masked
by the much greater uptake of HNO; into ternary solutions
if most of the background aerosols were liquid.

In general, we have found a strong correspondence be-
tween the area of gas-phase HNOj loss and the area of tem-
peratures below 192 K but only a weak correspondence be-
tween the area of gas-phase HNOj loss and the area of tem-
peratures below 195 K, the value commonly assumed as the
threshold for PSC formation. In fact, for the 3 years in which
MLS made measurements at or near the time of initial PSC
formation (1993, 1994, and 1996), large NAT supersatura-
tions persisted for days to weeks before significant depletion
of gas-phase HNO3 occurred. Although the temperatures
were low enough to maintain NAT PSCs, the MLS data in-
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dicate that they were not forming, at least not over spatial
scales comparable to or larger than the ~400x100x5 km
MLS field of view.

Although our results are strongly suggestive, the limited
precision and spatial resolution of the data and the neces-
sity of estimating unmeasured quantities preclude conclu-
sive identification of PSC compositions. With this caveat
in mind, however, it appears that the ternary solution and
NAD models provide good agreement with the MLS HNO; -
measurements at different stages of the PSC formation pro-
cess, while the NAT model consistently overestimates the
observed removal of gas-phase HNO3. This has impor-
tant implications for theoretical studies of ozone depletion.
Many stratospheric models employ PSC parameterizations
whereby it is assumed that NAT particles form and hetero-
geneous processing begins immediately after temperatures
drop below 195 K. Since most such models have a hori-
zontal resolution similar to that of the MLS data, our results
suggest that these models may not calculate ozone loss ac-
curately.

The majority of the MLS HNO; measurements obtained
during the early southern winter periods indicate that expo-
sure to low temperatures for at least several days (longer un-
der conditions of enhanced aerosol loading following vol-
canic eruptions) is necessary for a significant degree of crys-
talline PSC formation. This suggests the existence of sub-
stantial free-energy barriers to nucleation for the crystalline
forms. That the MLS data agree better with NAD for aged
PSCs is supportive of the suggestion of a lower barrier to
nucleation for NAD than for NAT [Worsnop et al., 1993;
Disselkamp et al., 1996]. In any case, large barriers to nu-
cleation would allow activation and growth of only a small
fraction of available condensation nuclei (regardless of cool-
ing rates) and so would result in formation of a small number
of relatively large HNOj3-containing particles that could fall
appreciable distances, leading to denitrification [Salawitch
etal., 1989].

In situ [e.g., Fahey et al., 1990] and satellite [Roche et
al., 1994; Santee et al., 1995] observations have shown
that both the temporal and the spatial scale of denitrifica-
tion are substantially greater in the Antarctic than in the
Arctic, consistent with the generally warmer and weaker
lower stratospheric vortex [e.g., Andrews, 1989] and fewer,
shorter-duration PSC occurrences [Poole and Pitts, 1994]
in the northern hemisphere. However, enhanced ClO abun-
dances, arising through reactions on the surfaces of PSC par-
ticles, comparable to those over Antarctica are routinely ob-
served throughout the Arctic polar vortex [e.g., Waters et al.,
1993; Santee et al., 1995]. Interhemispheric differences in
the severity of ozone loss have been ascribed to the mod-
erating influence of high levels of HNO;3 on active chlorine
during the latter stages of Arctic winter [e.g., Brune et al.,
1991; Santee et al., 1995]. The MLS HNOj; data presented
here suggest that small liquid droplets form quickly at tem-
peratures below ~192 K, initiating chlorine activation, but
air masses must be exposed to low temperatures for several
days or longer to facilitate growth of the large crystalline par-
ticles that undergo significant gravitational settling. Since in
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the Arctic the low temperatures are usually confined to rel-
atively small regions that are not concentric with the vortex,
individual air masses rarely experience temperatures below
192 K for extended periods of time. Thus the much smaller
degree of denitrification in the Arctic is probably related not
only to the lack of temperatures below the water ice frost
point (~188 K) but also to the lack of temperatures persis-
tently below ~192 K.
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