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Abstract. Microwave Limb Sounder (MLS) measure-
ments of lower stratospheric ClO and HNO3 during the
1995-96 Arctic winter are presented. The 1995-96 Arc-
tic winter was both colder and more persistently cold
than usual, leading to an enhancement in lower strato-
spheric ClO of greater magnitude, vertical extent, and
duration than previously observed in the Arctic. Vortex
concentrations of HNO3 in mid-December were large
due to diabatic descent. Trajectory calculations indi-
cate that localized severe depletions of gas-phase HNOg
in mid-February and early March did not arise from en-
trainment of midlatitude air into the vortex and were
therefore probably related to polar stratospheric cloud
(PSC) formation. A strong correlation between temper-
ature and gas-phase HNO3; was evident, consistent with
recurring PSC condensation and evaporation cycles.

Introduction

Significant interhemispheric differences in the sever-
ity of ozone depletion are attributed in large measure
to underlying differences in seasonal temperature pat-
terns and vortex behavior [ World Meteorological Orga-
nization (WMO), 1995]. The 1995-96 Arctic winter was
both colder and more persistently cold than usual. Two
upper tropospheric blocking ridges led to lower strato-
spheric minimum temperatures that approached those
of the Antarctic vortex. The 1995-96 Arctic winter me-
teorological conditions, and their influence on ozone de-
struction, are discussed by Manney et al. [1996a].

In this paper we examine the 1995-96 Arctic win-
ter temperatures in relation to chlorine activation and
the formation of PSCs. Only a limited number of di-
rect satellite observations of PSCs were obtained inside
the 1995-96 Arctic vortex from the Polar Ozone and
Aerosol Measurement (POAM) II and the Upper At-
mosphere Research Satellite (UARS) Halogen Occulta-
tion Experiment (HALOE). However, gas-phase HNOg
is now being obtained in the lower stratosphere with
daily hemispheric coverage from UARS MLS measure-
ments and is used here to infer the presence of PSCs.

Measurement Description

UARS MLS observations of lower stratospheric C10
have been shown previously for several northern and
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southern hemisphere winters [Waters et al., 1993a, b,
1995; Manney et al., 1996b]. As reported by Waters
et al. [1996], HNO3 has a small effect on the CIO sig-
nal that was accounted for in the original retrieval al-
gorithms by assuming climatological values. Version 3
ClO values were biased high by as much as 0.2 ppbv
when HNOjz departed substantially from climatology
(e.g., under conditions of low gas-phase HNO3 during
PSC events). Waters et al. [1996] also report an 8%
scaling error in the Version 3 ClO data arising from the
use of an erroneous ClO line strength file. Both error
sources have been corrected in improved retrieval algo-
rithms. Here we present new Version 4 ClO data, which
have an estimated single-profile precision and accuracy
(see Waters et al. [1996] for an elaboration of these
terms) of 0.4 ppbv and 10%, respectively, at 46 hPa.

The measurement of HNO3 was not a primary MLS
objective. However, there is a significant HNO3 spectral
feature, composed of many R-branch rotational lines,
which resides just outside the 205-GHz spectral region
used to measure ozone. In the lower stratosphere, the
pressure-broadened line shape of this feature adds a
weak slope to the ozone signal. Version 4 algorithms
use this slope to retrieve profiles of gas-phase HNOg,
resulting in improved fits to the radiances. MLS HNOj3;
measurements (from precursory algorithms) were first
presented by Santee et al. [1995].

Preliminary validation studies indicate that the MLS
HNOg3 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, respectively. The estimated precisions are
based on the observed variability in a narrow latitude
band centered around the equator that was chosen to
minimize the effects of natural atmospheric variability.
Because the actual atmospheric variation is not com-
pletely negligible, the true precisions may be slightly
better than these estimates. These empirical precisions
are generally consistent with uncertainties derived the-
oretically from the measurement noise. The retrieval
algorithm is based on sequential estimation and uses an
a priori estimate from a month- and latitude-dependent
climatology. When the contribution from the a priori to
the retrieved values exceeds 25%, the uncertainties are
flagged with a negative sign to signify poor measure-
ment sensitivity. Thus quality control should be im-
posed on the HNO3 data by discarding retrievals with
negative uncertainty values.

Initial comparisons (over a limited data set) with
colocated UARS Cryogenic Limb Array Etalon Spec-
trometer (CLAES) HNOg observations [Kumer et al.,
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1996] show that the MLS HNOj3 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 biases between the two data sets

exist, there is good correspondence in the morphology
of the CLAES and MLS HNO3 fields.

Analysis and Discussion

Maps of MLS ClO and gas-phase HNOg are pre-
sented in Fig. 1 for selected days during the two 1995—
96 north-viewing winter periods. MLS data are grid-
ded by binning and interpolating 24 hours of data,
and interpolated to the 465 K potential temperature
(#) surface using United Kingdom Meteorological Of-
fice (UKMO) temperatures. Contours of temperature
and potential vorticity (PV) derived from the UKMO
analyses are also shown. After the second week of De-
cember, 465 K minimum temperatures remained at or
below 195 K [Manney et al., 1996a), the commonly-
used threshold for the existence of Type I PSCs, until
early March. Heterogeneous processing on PSC parti-
cles [e.g., Solomon, 1990] led to a substantial area of
activated chlorine by mid-December; by late January,
when north-viewing observations resumed, enhanced
CIO filled most of the sunlit portion of the vortex.

Time series of vortex-averaged 465 K ClO are shown
in Fig. 2 for the five northern winters of MLS measure-
ments to date. To conserve instrument lifetime, full ver-
tical scans were performed only on selected days in the
1994-95 and 1995-96 northern winters. ClO enhance-
ment in late December 1995 was greater than that in
any of the previous UARS years, although data were
sparse at this time in 1994. Vortex-averaged ClO in
February 1996 was as high as ever previously observed
in the Arctic, and the ClO remained enhanced longer.
Both Version 3 and Version 4 ClO data are shown for
1995-96. Although the vortex averages from both data
sets exhibit the same time evolution, Version 3 val-
ues are larger due to the 8% line strength error and
the contamination from HNOg; as expected, the largest
differences between the two versions occur on days for
which gas-phase HNOj3 values are lowest (i.e., are fur-
thest from climatological values, see previous section
and Waters et al. [1996]).

Significant C1O enhancement extended up to ~650 K
in 1995-96, as shown in Fig. 3. This exceeds the verti-
cal range of enhanced ClO observed in previous Arctic
winters (e.g., ClO was enhanced up to ~580 K in both
1992-93 [Manney et al., 1994] and 1994-95 [Manney
et al., 1996b]). The larger vertical extent of the ClO
enhancement in February 1996 is consistent with the
larger vertical extent of both temperatures below 195 K
and ozone depletion [Manney et al., 1996a)], and is sim-
ilar to that typically seen in the Antarctic [Manney et
al., 1994].

High HNOj values in the vortex in mid-December
(Fig. 1) are attributed to diabatic descent. Between 29
and 30 January, 465 K gas-phase HNOj3 increased by
~3.1 ppbv on average over northern Scandinavia. Tem-
peratures over this region, while remaining below 195 K,
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increased by ~1.3 K during this interval. In light of
recent studies that have called into question the canon-
ical model of Type I PSC formation, we have used the
thermodynamic formula of Hanson and Mauersberger
[1988], along with the observed temperatures and an
H20 mixing ratio of 4.5 ppmv [Kelly et al., 1990], to
calculate the vapor pressure of HNOg over nitric acid
trihydrate (NAT) at 46 hPa. We find that, although the
observed increase in gas-phase HNQj is consistent with
that predicted by the Hanson and Mauersberger [1988]
relationship for the observed temperature increase, the
MLS HNOg3 mixing ratios themselves are larger than
those calculated over NAT for the same temperature.
A severe decrease in gas-phase HNOjz occurred be-
tween 17 and 20 February, as temperatures dropped be-
low 188 K between Greenland and Norway. The HNOg
depletion extended up to 585 K and was confined to the
area of low temperatures throughout its vertical range.
As discussed by Manney et al. [1996a], a strong block-
ing ridge in the upper troposphere at this time resulted
in the deformation of the lower stratospheric vortex and
the location of a region of very low temperatures near
the vortex edge (see Fig. 1). To investigate the cause of
the HNOj3 decrease, high-resolution three-dimensional
transport calculations, similar to those for ozone de-
scribed by Manney et al. [1996a], were initialized us-
ing 465 K MLS HNOj3 on 30 January and run through
20 February. The trajectory calculations (Fig. 4a) do
not show any cross-vortex transport of air parcels from
regions where the HNO3 mixing ratios were compara-
ble to those observed in the cold vortex area, indicat-
ing that the localized HNOg depletion on 20 Febru-
ary (Fig. 1) did not arise from entrainment of lower-
latitude air with smaller HNO3 concentrations into the
vortex associated with the tropospheric ridge. A sec-
ond (weaker) tropospheric blocking event occurred at
the beginning of March [Manney et al., 1996a]. Another
set of transport calculations was initialized on 24 Febru-
ary and run through 3 March. Again, the trajectory
calculations (Fig. 4b) show that the low HNOj3 values
observed on 3 March (Fig. 1) were not produced by in-
trusions of extra-vortex air during the second ridging
event. High aerosol extinction indicative of PSCs was
detected in the region where MLS measured low HNQOj
mixing ratios on 20 February and 3 March by POAM II
(R. Bevilacqua, personal communication, 1996) and on
3 March by HALOE (J. Russell, personal communica-
tion, 1996). We conclude that the observed pockets of
depleted gas-phase HNOg resulted from PSC formation.
The relationship between temperature and observed
gas-phase HNOj is illustrated in Fig. 5 for the second
north-viewing winter period. Area-weighted averages
were calculated from points enclosed within the 195 K
temperature contour. Because of the occasionally sig-
nificant differences between UKMO and U. S. National
Meteorological Center (NMC) lower stratospheric tem-
peratures and the sensitivity of gas-phase HNO3 mixing
ratios to small temperature variations, the daily aver-
ages were computed using both UKMO and NMC tem-
peratures. Similar results were obtained for both data
sets. The strong correlation between temperature and
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Figure 2. Time series of area-weighted vortex averages
of 465 K ClO for five northern winters. Lack of mea-
surements in daylight due to UARS orbit precession led
to lower values of ClO in mid-February/early March
each year. Large data gaps in January/early February
occurred when MLS viewed southern high latitudes; the
smaller gap in early February 1996 occurred when the
UARS spacecraft was not operational. Both Version 3
(filled cyan circles) and Version 4 (open cyan circles)
data are shown for 1995-96; for all other years the data
shown are Version 3.

gas-phase HNO3 suggests recurring PSC condensation
and evaporation cycles. (A few apparent inconsisten-
cies occur around days for which temperature is shown
but no MLS data are available (e.g., 19-20 February)
or the trends are small compared to the uncertainties
(e.g., 23-24 February)). Further studies are in progress
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Figure 3. Version 4 ClO averaged over 18, 20 and
23 February (the days with highest 465 K ClO), in PV/0
space. PV is expressed as equivalent latitude (the lati-
tude enclosing the same area as the PV contour). Two
PV contours near the vortex edge (scaled to give similar
values throughout the § domain) are overlaid in white.

Figure 1. Maps of 465 K MLS CIO (left, ppbv)
and HNO3 (right, ppbv), for selected days during the
two 1995-96 northern winter north-viewing periods.
These are orthographic projections, with 0° longitude
at the bottom and dashed black circles at 30°N and
60°N; blank spaces represent data gaps or spurious
data points. Only data from the “day” side of the or-
bit are shown for ClO. Superimposed in white are the
0.25 x 10~% and 0.30 x 10~% Km?kg~!s~! UKMO PV
contours (the approximate edge of the polar vortex) and
. — in black the 195 and 188 K UKMO temperature con-
0. Cl10 225 2 HNO3 12 tours (the approximate existence thresholds for Type I
and Type II PSCs, respectively).
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Figure 4. 465 K HNO3 from high-resolution trajectory
calculations [Manney et al., 1996a]. Two PV contours
(see Fig. 1) are overlaid in white. White spaces arise
from data gaps in MLS HNQOj3 on the initialization day.
(a) Results on 20 February from calculations initialized
on 30 January. (b) Results on 3 March from calculations
initialized on 24 February.

to investigate how closely the behavior of MLS HNQOj;
(and its correlation to temperature) conforms to that
predicted by current models of PSC formation.

The MLS HNOj; data alone do not allow us to dis-
tinguish between the temporary condensation of HNOj3
and the irreversible removal of HNOj3 through sedi-
mentation of PSC particles (denitrification). However,
Fig. 1 shows signs of an overall decline in gas-phase
HNOj3; within the vortex over the course of the win-
ter. Calculation of daily HNOg vortex averages, ex-
cluding regions where the mixing ratio was less than
4 ppbv (which are confined to the low-temperature re-
gions and are likely due to the temporary sequestration
of HNOg3 in PSC particles), reveals a decrease of 1 ppbv
between 29 January and 3 March. This is suggestive
of mild denitrification in the Arctic, in agreement with
previous studies [e.g., World Meteorological Organiza-
tion (WMO), 1995] that have found denitrification in
the Arctic to be less severe than that in the Antarctic.
Modeling of the effect of HNO3 photolysis and the re-
plenishment of 465 K HNOgs by transport processes is
needed to verify this suggestion. The availability of a
multi-year, global HNO3 data set from MLS will facili-
tate more detailed comparisons of denitrification in the
two hemispheres.
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