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during early winter from initiation to the point where the
polar-processed air fills the polar vortex. The combined anal-
ysis of transport calculations and UARS data from different
instruments provides an opportunity to discuss the main fea-
tures of the polar processing and the contrasts between the
Arctic and Antarctic winter situations.

In the following sections we explain our modeling proce-
dures, describe the UARS data sources, show and discuss our
transport results together with UARS data and compare our
results with those of previous studies.

2. Modeling Procedures

Our modeling strategy is based on the simple transport cal-
culations of Douglass et al. [1991, 1993] and Kaye et al. [1991].
Depletions of the “quasi-conservative” constituent HCI are
used as indicators for polar processing in the same manner as
in these works. The idea of using HCl is to study the behavior
of one of the key heterogeneous reactions in which chlorine
compounds are transformed from reservoir to active forms on
the surfaces of PSCs:

HCI(s) + CIONO,(g) — HNOs(s) + Cly(g) (1)

Here the symbols (s) and (g) denote solid and gas phase states.
The same reaction takes place also on the surfaces of sulfate
aerosols, although at a much slower rate at typical middle
latitude lower stratospheric temperatures:

HCl(a) + CIONO,(g) — HNOs(g) + Cli(g)  (2)

Here “(a)” denotes aerosol particles. The reactive chlorine
species that are responsible for the catalysis of ozone loss are
formed through photolysis of Cl, and the subsequent reaction
of Cl with O, [Solomon, 1990]. In particular, ClO as a reactive
compound is formed under sunlit conditions. In this and pre-
vious papers, the measure of the heterogeneous polar process-
ing on PSCs due to reaction (1) is denoted by DHCI (depleted
HCI). DHCI is defined as the difference between the HCI
concentrations that would exist in the absence of heteroge-
neous reaction (1) and that computed with (1) occurring on
PSCs. DHCl in the transport simulations is a crude indicator of
the degree to which inactive chlorine species have been con-
verted into reactive chlorine. It is not ClO, nor is it propor-
tional to ClO. The amount of CIO produced in polar processed
air by (1) and other heterogeneous reactions on PSCs and
sulfate aerosols [see Danilin and McConnell, 1994] depends on
the exposure of processed air to sunlight and the photochem-
ical partitioning of the odd chlorine family. The calculated
distribution of DHCI gives us information about the predicted
location of the products of (1) and shows areas of predicted
heterogeneous losses of HCl and CIONO,.

We use the NASA Goddard 3-D transport model in which
the winds and temperatures are derived from the GEOS-DAS
troposphere-stratosphere data assimilation system [Schubert et
al., 1993]. This model and its modification have been described
in several previous papers [e.g., Cerniglia et al., 1995; Allen et
al., 1991]. We initialize the 3-D HCI distribution using the
method of Lary et al. [1995] to map the HCI distribution taken
from the two-dimensional model of Smyshlyaev and Yudin
[1995] into potential vorticity (PV)-potential temperature
(PT) coordinates. Two three-dimensional “HCI” distributions
are generated by this transport model. One is obtained using
the gas phase production and loss rates from Smyshlyaev and
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Yudin [1995] and the other uses an additional HCI loss rate
with a 0.5-day e-folding time when the temperature T falls
below a critical value given by T, where T, represents the
threshold temperature for type I PSC (PSC 1) formation. The
values for T are taken from the expressions by Hanson and
Mauersberger [1988], which describe the thermodynamic con-
ditions for the formation of nitric acid trihydrate (NAT). The
temperature threshold used in our transport experiments is
2°K warmer than the threshold given by Hanson and Mauers-
berger [1988]. The use of this warmer critical temperature value
is motivated by the study of Schoeberl et al. [1993a, b] in which
back trajectories were calculated using National Meteorologi-
cal Center (NMC) analyses for locations along aircraft flight
tracks. Their results showed that almost all of the parcels that
encountered NMC temperatures within 3°K of the NAT tem-
peratures from Hanson and Mauersberger [1988] showed ele-
vated ClO concentrations, implying that they had experienced
polar processing. We take DHCI to indicate the degree of
polar processing an air parcel has experienced.

Because ClO, should be in its dimer form Cl,O, in the
absence of sunlight, we expect to observe ClO enhancement
only when polar-processed air is in sunlight, although the en-
hancement of ClO can also decrease in sunlit regions due to
other chemical reactions, for instance chlorine nitrate forma-
tion through reaction of CIO with NO,. Finally, we emphasize
that for high concentrations of volcanic aerosol, as observed
for the 1991-1992 Arctic and 1992 Antarctic winters, reaction
(2) and as well as other heterogencous reactions may take
place at (and below) the relatively warm temperature of 210°K
(see, for example, Murphy and Ravishankara [1994] and Han-
son et al. [1994]). Thus the key difference between products of
HNO; due to reactions (1) and (2) is that HNO; produced by
(1) remains on the PSC surface until the cloud evaporates,
while reaction (2) on sulfate aerosols enhances gas phase con-
centrations of nitric acid. Both reactions give heterogeneous
losses of HCl and CIONO.,,.

3. UARS Data

Given that the transport model uses temperatures and winds
from the GEOS-DAS analyses, we can compare daily se-
quences from our model simulation with UARS measure-
ments. Thus we can see whether UARS measurements show
reasonable agreement with our transport calculations of the
polar heterogeneous processing due to reaction (1) on PSCs.
Qualitative agreement between model results and UARS ob-
servations gives confidence in our ability to use model results
to fill in those parts of the time-space domain for which UARS
measurements are unavailable owing to the spacecraft viewing
geometry [Reber, 1993]. In this paper we use data from the
MLS, CLAES, and HALOE instruments on UARS [Barath et
al., 1993; Roche et al., 1993a; Russell et al., 1993]. The UARS
spacecraft flies at an inclination of 57° and an altitude of about
585 km. Thus the spacecraft orbit precesses in local time, and
the latitude that separates daytime viewing from nighttime
viewing changes with time. This is important for MLS ClIO
viewing because significant concentrations of ClO are expected
to be present only under sunlit conditions. Also, the precessing
orbit of UARS makes it necessary that the spacecraft execute
a yaw maneuver approximately every 40 days to ensure that the
same side of the spacecraft always faces away from the Sun
[Reber, 1993]. This implies that the high latitudes of each hemi-
sphere are viewed by MLS and CLAES for alternating yaw
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periods. For instance, when the cold side of UARS faces north,
MLS and CLAES obtain data from about 33°S to 80°N. The
systematic and random errors for CLAES data, discussed in
this paper, are 20% and 1 ppbv for the HNO; volume-mixing
ratio (VMR), and 30% and 0.3 ppbv for CIONO, [Roche et al.,
1993b, 1994]. The CLAES team [Roche et al., 1994] also esti-
mates a systematic error in most of the aerosol extinction data
used in this paper to be 20% with a repeatability of 15% in the
lower stratosphere. The CLAES temperatures have systematic
errors between 2° and 4°K [Roche et al., 1994]. MLS data
validation indicates individual measurement accuracies of
~0.4 ppbv for 46-hPa ClO [Waters et al., 1996]. The HALOE
errors in retrieved HCI profiles are approximately 5% (ran-
dom) and 15% (systematic) [Russell et al., 1993]. Version 3
MLS, version 7 CLAES, and version 16 HALOE data are used
in this paper.

4. Model and Data Analysis Periods

In this paper we concentrate on the periods from the initi-
ation of polar processing to the time when the polar vortex is
filled with chemically processed air. We analyze the first two
northern and southern hemisphere polar-processing periods
for which there are UARS observations, to examine the dif-
ferences between the development of polar processing in the
northern and southern hemispheres. No attempt is made to
simulate the full chemistry of the polar regions as was at-
tempted by Lefevre et al. [1994], for example. In this paper we
focus on the early part of the 1991-1992 NH winter and the
1992 SH winter, when we have the CLAES observations of
CIONO,, HNO;, and aerosols, and analyze the consistency of
the high-latitude HALOE measurements of HCI with CLAES
and MLS observations for the NH winter 1991-1992. A com-
parison with the next two UARS winters is also considered
briefly. Figure 1 summarizes the evolution of the cold polar
areas during the NH and SH winters 1991-1993 on the basis of
the minimum temperature north of 40°N (top two rows) and
south of 40°S (bottom two rows) in the GEOS-DAS analysis
from December 1 to January 30 in the NH and from May 1 to
July 30 in the SH at 46 hPa. The periods when MLS and
CLAES observed the polar regions are between the shaded
bars at the bottom of each panel. The first column of Figure 1
shows that in the early stages of SH winters we expect to see
quasi-monotonic (continuous) filling of the polar vortex with
air that is chemically processed on PSC particles. During the
first 2 weeks of the NH winters (top two rows of Figure 1), the
minimum temperatures oscillate around the NAT temperature
threshold (195°K), and as pointed out by Douglass et al. [1993],
sporadic polar-processing events take place before the perma-
nent filling of the northern vortex by chemically perturbed air.
More detailed analysis of the basic features of polar processing
during the early stages of these UARS winters are presented in
the next section.

5. Results

In this section, the results for the temperature, potential
vorticity, and DHCI from the assimilation and transport mod-
els are shown and compared with UARS observations of HCI,
ClO, CIONO,, HNO,, and aerosol distributions.

5.1. Northern Hemisphere Winters 1991-1992
and 1992-1993

The GEOS-DAS temperature fields and modeled DHCI for
1200 UT on the 465°K PT surfaces are shown in the top row of
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Plate 1 for December 7 and 13 and January 10. These days
have been selected to illustrate three stages of polar processing
in the NH winter 1991-1992. December 7 is a day shortly after
the first occurrence of polar processing, December 13 is a day
when filling of the vortex is progressing, and January 10 is a day
when the polar vortex is completely filled with chemically pro-
cessed air. In this figure the north pole is at the center of each
plot and the outer edge is at 30°N. The 60°N and 80°N latitude
circles are also shown. The contour within which the temper-
ature is less than 195°K is outlined in black. The white lines are
approximate polar vortex boundaries with PV values of 2.8 and
3.1 X 107°°Km?s~ ' kg~'. As the winter evolves we can follow
the filling of the polar vortex with processed air by referring to
these contours. The white circles on the DHCI maps show the
boundary between MLS nighttime measurements (to the
north) and daytime measurements (to the south). The first sign
of polar processing in our model is found on December 5 at
about 80°N, 0°E, when the first temperatures less than 197°K
are seen at about 75°N (Figure 1) at a longitude of about 45°W.
Two days later, on December 7 (Plate 1), the region of polar
processing, as seen in terms of DHCI, has been transported
equatorward and enlarged through shearing so that it now lies
at about 60°N, 60°E, in the region of MLS sunlit observations.
On December 13 there are two broader DHCI regions display-
ing the progression of polar processing. By December 29, as
shown by our DHCI calculations (but not shown in Plate 1) the
polar vortex is filled with polar-processed air (DHCI). Thus
after this date, deformations in the polar vortex define the
region of polar-processed air. For instance, on January 10, a
few days before a strong warming takes place, we see a strong
displacement of the vortex toward 45°E. The areas of coldest
air have expanded and shifted southward, and the vortex is
filled with highly processed air ‘(high values of DHCI).

The last row of Plate 1 shows MLS daytime observations of
CIO at a pressure level of 46 hPa (a pressure altitude lying very
near the PT altitude of 465°K). To generate these maps, we
have plotted daytime ClO measurements (defined as having
the measurement solar zenith angle less than 94°) for each day.
We used level 3AT MLS CLO data and asynoptic mapping
procedures described by Elson and Froidevaux [1993]. In each
of these plots, the white circle in the polar region shows the
area within which there exist only nighttime CIO measure-
ments. Within this circle, the dimer Cl,O, is the dominant
ClO, species. As was mentioned above, owing to the preces-
sion of the UARS orbit, this MLS nighttime region varies with
each measurement day. The quoted rms precision of 46-hPa
MLS CIO measurements is 0.4 ppbv [Waters et al., 1996], so we
focus on CIO concentrations greater than this. On December
5, as is shown by the MLS CIO maps, no significant patches of
CIO are seen around the vortex boundaries, consistent with the
fact that polar-processed air was seen only in regions of MLS
nighttime observations. Isolated larger values of ClO can also
occur as a result of instrument noise, and Schoeberl et al.
[1993b] have shown that these isolated values outside the
1991-1992 polar winter vortex are consistent with the expected
noise distribution. On December 7, high concentrations of CIO
are seen at about 50°-60°N, 40°-50°E. This is slightly to the
east of the high values of DHCI in Plate 1 on this day. Given
the inexactness of the mapping procedure used for CIO, this is
a reasonable coincidence and confirms that we have followed
the transport of the first polar-processing event during the
early stages of the NH winter 1991-1992. On December 13,
several regions of large concentrations of CIO are seen by
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Figure 1. GEOS-DAS picture of the cold air evolution on the 46-hPa pressure surface in the (top to bottom)
1991-1992 Arctic, 1992-1993 Arctic, 1992 Antarctic, and 1993 Antarctic winters. The first column is an
evolution of minimum temperatures 7 poleward of 40°N in the NH and of 40°S in the SH, the second column
is latitudinal location of T, as a function of time and the third and last columns show respectively the
evolution of areas where T < 197°K and areas with 7' < 187°K. The shaded bars at the time axis indicate
the periods when MLS and CLAES observed the polar regions of winters.

MLS, one at 90°E, another at 45°E, and the last at about 35°W.
These are located at the vortex edges and correspond well to
the simulated DHCI regions. On January 10 an area of high
ClO concentrations is seen at about 40°W to 120°E, and be-
tween 50°~70°N. This region corresponds reasonably well to
the DHCI distribution on that date.

To further examine the UARS measurements related to
heterogeneous chemistry on PSCs during this NH winter, we
look at the evolution of HNO;, CIONO,, and aerosol extinc-
tions measured by CLAES; the distribution of HCI observed by
HALOQE; and the structure of H,O from MLS. Plate 2 shows
CLAES observations of CIONO,, HNO;, and aerosol extinc-
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with HCI and/or H,O on the surfaces of sulfate aerosols. In-
spection of the aerosol measure M maps (bottom row) shows
that inside and outside of the boundary of the polar vortex
there were significant concentrations of sulfate particles (green
stars) and PSC/sulfate mixtures (blue stars). Heterogeneous
loss of CIONO, is likely on these surfaces in regions of low
temperatures, especially in the volcanically perturbed polar
regions of the lower stratosphere [Hanson et al., 1994], where
the effects vary strongly with latitude because of temperature,
downward transport and HNOj; variations. This is seen by the
evolution of HNO; maps in the second row of Plate 5. HNO;
decreases, with VMR < 7 ppbv, are observed by CLAES only
in the coldest areas, where the temperature drops below
190°K; the existence of PSCs is confirmed by the aerosol ex-
tinction maps (third row) and the aerosol M maps (bottom
row). During the beginning and middle of June, CLAES maps
of HNO, show localized regions of enhanced HNO; with
VMR > 13 ppbv around the polar vortex edge. By the end of
June and during the first week of July, however, the vortex
edge is surrounded by a belt of high values of HNO,, with
VMR > 13 ppbv. The aerosol extinction maps in the 790, 925,
1265, and 1605 cm ™! channels show significant changes in the
optical absorption attributable to the transport of the “pure”
sulfate clouds. Looking at the aerosol maps, we find a decrease
of the sulfate cloud extinction outside the vortex edges, while
inside the vortex, areas of high aerosol extinctions are en-
hanced, and polar processing on PSCs and particles of inter-
mediate composition has developed (as indicated by the
CIONO, maps). The intense diabatic descent during this pe-
riod is probably the main reason for the behavior of the HNO;
and aerosols at and outside the vortex edge. The influence of
the diabatic downward transport of air on the distribution of
long-lived species was clearly shown by the time evolution of
vertical profiles of N,O and CH, measured by CLAES [Roche
et al., 1993, 1994; Kumer et al., 1993]. Our inspection of altitude
changes in the CLAES N,0O VMR contours between June 11
and July 7 also confirms that strong downward transport is
occurring.

The bottom row of Figure 1 summarizes the minimum tem-
perature evolution south of 40°S in the south polar region from
May 1 to July 31, 1993 according to GEOS-DAS. We see that
the first intense polar processing events in the lower strato-
sphere occurred after May 10, when the cold areas at 46 hPa
were spreading out over 10-20% of the south polar region.
The first occurrence of areas where temperatures were less
than 187°K, according to GEOS-DAS analyses, was around
June 1, 10 days earlier than in the SH winter 1992. During June
1993, GEOS-DAS analyses do not show significant changes in
the minimum temperatures, although the areas where PSC 1
are expected to occur increases from 30% to 40%. After July
1 the cold areas, where PSC I and II might exist, occupy
approximately 50% of areas polarward of 40°S. The geograph-
ical distributions of most of the polar-processing events as
indicated by the DHCI maps agree quite well with the MLS
maps of ClO in the sunlit areas of the SH lower stratospheric
polar vortex during the early stages of the 1993 SH winter from
May 28 to July 7.

6. Summary and Conclusions

Results from an off-line transport model for diagnostics of
polar processing events have been shown for the early parts of
the first two NH and SH winters observed by UARS. This
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transport model is formulated assuming PSC formation at low
temperatures with subsequent conversion of the reservoir chlo-
rine species CIONO, and HCI into active chlorine radicals.
These model results have been compared with CIO measure-
ments by MLS; CIONO,, HNO;, and aerosol measurements
from CLAES; and HCl measurements from HALOE. These
comparisons generally show good agreement between the
model calculations and what is expected from the generally
accepted paradigm for polar processing of chlorine species on
PSCs. In particular, the following are seen:

1. Enhanced CIO VMRs, measured by MLS, are seen
where the modeled polar processed air is in sunlight.

2. CLAES measured low concentrations of CIONO, are
seen in regions of polar processing where temperatures are
cold enough for PSC formation.

3. Where the HALOE measurement track intersects polar-
processed air, as indicated by our modeling, low concentrations
of HCl are seen.

4. The spectral signatures from CLAES observations show
sulfate aerosols at all latitudes and under all temperature con-
ditions both outside (major part) and inside (~ much smaller
fraction) the polar vortex. PSC particles are seen where cold
temperatures occur inside the polar vortex, and particles of
intermediate composition are seen both inside and just outside
the boundary of the polar vortex, where temperatures are
slightly warmer than the NAT threshold values.

5. CLAES measurements of HNO; show decreases where
temperatures are very cold, especially under Antarctic winter
conditions, when PSC II formation is expected. Small de-
creases of HNOj; are seen by CLAES during the Arctic winters.

In comparing early winter polar processing for the two hemi-
spheres as well as during different years, we see that in the NH
a period of sporadic polar processing initially takes place (as
illustrated by Douglass et al. [1993]) before a “permanent”
region of polar processing becomes established. As the air
flows through this polar-processing region, chemically pro-
cessed air fills the vortex. After this time, undulations in the
polar vortex define the region of processed air. In the SH,
polar processing, once begun, steadily proceeds to fill the vor-
tex. The filling of the vortex in both hemispheres takes a bit
over 2 weeks from the beginning of polar processing in the SH
and from the establishment of a region of “permanent” polar
processing in the NH. Little interannual variability is seen in
the time sequencing of polar processing in early winter in
either the NH or SH for the years examined here. Our mod-
eling results for the evolution of polar processing during the
first part of January 1992 and 1993 together with UARS mea-
surements indicate the very strong dependence of the location
of the polar-processed air on meteorological conditions. In
particular, a shift of the vortex to midlatitudes during January
1992 and the occurrence of PSCs around the north pole during
January 1993 was seen (see also Chipperfield [1994]). The di-
agnostic results of Chipperfield [1994] for polar processing dur-
ing the entire Arctic winters of 1991-1992 and 1992-1993 and
trajectory analyses of motion in the polar region for NH and
SH winters 1992-1994 by Manney et al. [1994] have shown
much more interannual variability in the later winter progres-
sion of events in the lower stratosphere.

The generally good qualitative agreement between our off-
line polar processing transport model and UARS measure-
ments gives increased confidence that the initiation of the
polar processing of chlorine reservoir species to reactive spe-
cies on NAT particles that form in cold regions is qualitatively
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well understood. It illustrates the capabilities of our simple
polar processing model, as well as more complex chemistry-
transport models, to provide valuable information on the evo-
lution of the polar lower stratosphere during early winter pe-
riods when UARS measurements are fragmentary as a result
of orbital and viewing limitations. It is interesting to note that
although the planning and instrument selection for UARS
took place before the discovery of the Antarctic ozone hole
and the realization of the importance of polar heterogeneous
chemistry, the UARS measurements have proven very valuable
in validating many important aspects of polar stratospheric
chemistry.
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