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Millimeter wave spectroscopic measurements

over the South Pole

3. The behavior of stratospheric nitric acid through

polar fall, winter, and spring

R. L. de Zafra,! V. Chan,? S. Crewell, C. Trimble, and J. M. Reeves?
Department of Physics, State University of New York, Stony Brook

Abstract. We present data from a 9-month series of ground-based measurements of
stratospheric nitric acid, made over the South Pole from mid-April 1993 to mid-J anuary
1994. Observations were typically made at 3- to 6-day intervals. Both profiles and
column densities have been retrieved from pressure-broadened millimeter-wave emission
spectra. These measurements provide the first quasi-continuous series of vertical mixing
ratio profiles for this species in the heart of the south polar votex. Conversion of NO,
to nitric acid by heterogeneous reactions, and its incorporation into polar stratospheric

cloud (PSC) particles, along with subsequent gravitational settling, is considered to be the
main denitrifying mechanism in the Antarctic stratosphere, setting up conditions for ozone
destruction at the end of winter. In our observations, a small increase in HN O3 was seen
between April and the end of May, after which a rapid loss took place below 25 km. Column
density above ~15 km decreased to <1/4 its maximum within 30 days, and depletion
continued until middle to late July, by which time the nitric acid column above 15 km had
diminished by more than a factor of 10. The initial depletion was coincident with the onset
of a rapid increase in lidar backscatter from polar stratospheric cloud formation at the same
altitude range. Gas-phase depletion was tracked as a function of altitude and temperature
and found to be consistent with the temperature and partial pressure relationship for
formation of ternary mixtures of HNQOs, HoSO4, and H2O. Depletion occurred ~3 weeks
earlier in 1993 than was seen in 1992 column density measurements by Van Allen et al.
[1995]. In late June a new layer of HNO3 was generated in the vicinity of 40-km altitude
and, subsequently, appeared to be carried downward with general vertical transport of air
within the vortex. In spring, as temperatures increased, no rapid increase of gas-phase
HNOj3 was seen, indicating that gravitational settling had carried PSC-accreted nitric acid

to low altitudes. By the end of observations in January 1994, mixing ratios and column
densities above ~15 km had not yet reached more than about half the values seen the
previous April, indicating that a rather large increase in stratospheric HNO3z occurs in the

early austral fall over the south polar region.

1. Introduction

The formation of nitric acid by heterogeneous chem-
istry, condensation from the gas phase into aerosols at
sufficiently low temperatures, and subsequent gravita-
tional settling, is a principal means of removing NO,
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from the Antarctic polar stratosphere during winter
months, setting up the conditions for massive ozone
destruction in the Antarctic spring. The generally
warmer average temperatures and short duration of
polar stratospheric cloud (PSC) events in the Arctic
stratosphere limit the removal of HNOj3 and have thus
far prevented the severe denoxification needed for the
formation of a major “ozone hole” in the north. This
very different behavior of HNOg3 in the two polar win-
ter regions means that each must be studied separately
to define the local climatology for nitric acid, and con-
clusions derived from one pole are not, in general, ap-
plicable to the other. We review here the information
available to date, and then discuss new results from a
9-month series of millimeter-wave spectroscopic obser-
vations we have made at the heart of the Antarctic polar
vortex.
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The pioneering Limb Infrared Monitor of the Strato-
sphere (LIMU) measurements of HNQj3 in the north po-
ar region made during the single winter of 1978-1979
revealed unexpected and puzzling beha.v10r at high lat-

itu

HN 03 in the middie to upper stratosphere during the
polar winter [e.g., Austin et al., 1986; Jackman et
al., 1987]. Until recently only total column measure-
ments were available for limited periods in the antarctic
[Williams et al., 1982; Murcray et al., 1987, 1989; Cof-
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fey et al., 1989; Toon et al., 1989; Van Allen et al., 1995
1 and no profile measurements were available untll the
launchlng of the Upper Atmosphere Research Satellite
(UARS) in September 1991. In particular, direct infor-
mation was lacking on the degree of removal as a func-
tion of altitude, the details of the removal process, and
the subsequent fate of HNO3 condensed onto strato-
spheric aerosols. Although the appearance of nitric acid
in the winter upper stratosphere had been noted, nei-
ther its evolution with time nor the measurement of
high-latitude stratospheric profiles over any significant
portion of an annual cycle were available.

Recently, data from the Cryogenic Limb Array Etalon
Spectrometer (CLAES) [Roche et al., 1993, 1994; Kawa
et al., 1995] and the Microwave Limb Sounder (MLS)
[Santee et al., 1995] instruments on board UARS have
begun to clarify some of the issues listed above. In
this paper, we add to this information by showing mix-
ing ratio profiles derived from data gathered every few
days during the 9-month period from mid-April 1993 to
mid-January 1994 by a ground-based millimeter-wave
spectrometer located at the South Pole.

2. Experimental Method and Data
Reduction

Spectra were recorded by using a high sensitivity
cryogenically cooled heterodyne receiver in conjunction
with a 512 channel filterbank spectrometer. The het-
erodyne receiver is sensitive in both its sidebands with
equal gain (£5%). The filterbank has a resolution of
1 MHz/channel, which is enough to define pressure-
broadened line shapes up to an altitude of about 50
km, while the total spectral span of 512 MHz sets a low-
altitude limit of about 15-16 km. HNOgs has a complex
millimeter-wave spectrum with a large number of rela-
tively weak emission lines which individually are hard to
detect. We observe a complex of lines near a band edge
which are relatively strong, although these are as close
as 30 MHz to one another, and thus strongly blended by
pressure broadening in the lower stratosphere. A num-
ber of these emission lines are present in the tworeceiver
sidebands, although many are quite weak (refer to Fig-
ure 2). The observed spectral output, as illustrated, is
the frequency-folded combination of the two sidebands.

Spectra were taken at intervals varying from 3 to 7
days, starting on April 15, 1993, and ending on Jan-
uary 10, 1994. We have retrieved vertical distribution
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profiles from the pressure-broadened spectra by decon-
volution against locally measured pressure and temper-
ature profiles. The latter were available up to 25-30
km from balloon sondes launched at the South Pole,
supplemented by daily National Meteorological Center
(NMQ) temperature and pressure profiles above the bal-
loon limits. Individual line frequencies were obtained
from Crownover et al. [1988], line strengths from F.
De Lucia (private communication, 1988), and pressure
broadening coefficients from Goyette et al. [1988].

The retrieval of vertical profiles from the pressure-
blended multiple line spectra was carried out with an
iterative matrix inversion method employing a vertical
smoothing constraint [ Twomey, 1977]. This method re-
covers profiles over the vertical range from ~15 to 48 km
with good results. Additional discussion and examples

are given in the appendix.
3. Results and Discussion

Figure 1 shows an overview of our results in the form
of a mixing ratio contour plot derived from the 63 one-
day HNOj profiles retrieved over the entire period of ob-
servations. We shall divide the discussion of these data
into three sections, the first dealing mainly with the con-
densation process when gas-phase HNOgz was rapidly
withdrawn from the lower stratosphere, the second cov-
ering the midwinter phase, and the third covering the
recovery phase through the spring and summer period
as far as our observations extend, with some comments
about the remaining unobserved period of the late sum-
mer.

3.1 Late Fall and Early Winter: The Condensa-
tion Process

The evolution of the vertical distribution of HNOg3
in the polar stratosphere during the fall to early win-
ter period is shown in Figures 2 and 3, by means of a
representative sample of emission spectra and retrieved
profiles. There appears to be a small increase in the
peak mixing ratio between the start of our observations
in mid-April and late May (evident in Figure 1 and in
the total column of nitric acid (Figure 8) but not in the
sample of data shown in Figure 2). This may mark the
final stages of a more pronounced increase which must
have taken place earlier in the fall, to judge by behavior
in the following summer (see below). The most promi-
nent feature of the late fall-early winter period is the
very rapid gas-phase depletion first seen in the data for
May 28 (day 148), which continued over the next few
weeks (see Figures 1 and 8). Loss continued at a much-
diminished rate until at least late July. Virtually all
depletion through this period appeared to occur below
~28 km, with the earliest and strongest loss occurring
between 15 and 25 km (see below). Coincident with
the onset of rapid loss, the University of Rome lidar
at the South Pole began detecting the first significant
polar stratospheric cloud backscatter, as shown in Fig-
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Figure 1. Contour plot from retrieved mixing ratio profiles of HNOj3 over the South Pole from April
1993 to January 1994. The interval between contours is 1 ppbv. The slanted dashed line marks the
time of polar sunrise as a function of altitude. For dates of sunset and sunrise at other representative

altitudes and latitudes, see Table 1. Note comments in the text for the period from about day 200 to
240.

ure 4 (G. Fiocco, personal communication, 1995). Li- Figure 5a presents a detailed contour map of HNOg
dar backscatter rapidly increased through the altitude mixing ratios versus altitude and time for the condensa-
range where HNOj3 loss was observed to occur, clearly  tion period, with an overlay of local temperature profile
demonstrating the temporal and spatial relationship of ~ readings taken every 2-3 days. Temperature contours at
PSC growth and HNO3 depletion, once a critical tem- 194 and 196 K have been emphasized. Deciphering the
perature range is reached. This is discussed in more

detail later in this section.
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Figure 2. Representative pressure-broadened emission Mixing Ratio (ppbv)

spectra from April 28 to June 15, 1993. The individual =~ Figure 3. Profiles retrieved by deconvolution of pres-
line positions and relative intensities are indicated at sure-broadened spectra of Figure 2. The small mixing
the bottom of the plot. The frequency span is 512 MHz. ratio values above ~35 km are indicative of retrieval in-

The three strongest lines are at 269172, 269205 and accuracies, and do not necessarily represent real HNO3
269237 MHz. content.
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Figure 4. University of Rome lidar backscatter profiles
taken over the South Pole on the dates indicated.

evolution of HNO3 loss versus altitude, temperature,
and time is complicated by vertical transport during
this period [Crewell et al., 1995; Manney et al., 1994;
Rosenfield et al., 1994]. For instance, air at 30 km,
with an HNOj3 mixing ratio of ~4 ppbv on day 130,
will have moved down to about 28 km by day 180, re-
placing air that was carrying ~11 ppbv at that altitude
on day 130. Descent rates increase with altitude, being
about 20 m/d for air starting at ~20 km, 40 m/d for
air starting at ~30 km [Crewell et al., 1995], and up
to 250 m/d for air starting at ~50 km. It is significant
that this descent is not apparent in the HNO3 contours,
which if anything show a small increase in mixing ra-
tio at constant altitude in the 28-32 km range up to
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Figure 5a. Enlargement of the altitude region and
time period of HNOj3 condensation from Figure 1. Solid
thin contour and large numbers give HNO3 in ppbv.
The dotted contours and smaller numbers give values
for local measurements of temperature in K. The heavy
solid lines mark temperature contours at 194 and 196
K.
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Figure 5b. Retrieved HNO3 profile contours as in Fig-
ure 5a, overlaid with contours showing integrated vol-
ume of STS following the formulation of Carslaw et al.
[1995]). Temperature and HNOj profiles as a function of
time were taken from Figure 5a. H,O and H3504 were
set at constant mixing ratios of 5 ppmv and 0.5 ppbv,
respectively. STS is givenin gm?/cm3.
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about day 175. This may indicate a continued conver-
sion of NO, into HNO3 as air descends from higher al-
titudes. It is nevertheless clear that in the region below
30 km, HNOj3 depletion tracks the upward progression
of temperatures <196 K, at least up to about day 180.
(We discuss the middle stratospheric behavior follow-
ing day 180 in the next section along with the separate
phenomenon of the sudden appearance of HNO3 in the
upper stratosphere starting after day 170).

The May average background lidar backscatter de-
picted in Figure 4 is that from the persistent lower
stratospheric sulfate acrosol layer, supplemented by aer-
osols remaining from Mount Pinatubo. The rapid incre-
ment in backscatter above 15 km seen in Figure 4 is the
result of PSC formation. Nitric acid dihydrate (NAD),
nitric acid trihydrate (NAT) and possibly higher hy-
drates, plus supercooled ternary solutions (STS) com-
posed of HNOj accreted on HoSO4-H5O aerosols, have
all been proposed for PSCs; all have a formation tem-
perature several degrees higher than the frost point of
pure water for typical stratospheric conditions. Each
has a somewhat different range of formation temper-
atures, depending on partial pressures of constituent
species, which in turn varies with altitude [e.g., Marti
and Mauersberger, 1993, 1994; Beyer et al., 1994; Song,
1994; Carslaw et al., 1994, 1995, and references therein].

In Figure 5b we have applied the formulation for STS
accretion given by Carslaw et al. [1995] as a function
of temperature, pressure, and constituent abundance,
along with the local temperature field and day-by-day
HNOj profiles from our own data, to compute the inte-
grated day-by-day STS volume in pm3/cm3. The trend
of computed STS volume increase tracks the depletion
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of HNOj3 rather well as a function of time and altitude.
A plot of the frost point for NAT formation as a func-
tion of altitude and temperature [Hanson and Mauers-
berger, 1988] (not shown) appears to give a poorer fit
to the HNOj3 depletion contours. We also note that the
appearance of the first lidar-detected PSCs on about
day 148, and the altitude range of growth over the next
several days (Figure 4), both agree rather well with the
STS accretion curves of Figure 5b. Nevertheless, given
the experimental uncertainties involved and the small
range within which the temperature and other vari-
ables determine one accretion mechanism or another,
it seems likely that only high-resolution in situ mea-
surements will be able to fully determine the details of
PSC formation and composition.

3.2 Midwinter

Formation of new high-altitude HNO3. Figure
6 shows a series of spectra from the period June 21 to
July 22 (days 172 to 203). These spectra are strikingly
different from those seen earlier. Individually resolved
emission lines are almost always present during this
period, when none could be seen previously, indicat-
ing significant new emission from the middle to upper
stratosphere. We stress that the optical density of the
entire HNO3 column is always very small, so that self-
absorption by lower stratospheric HNO3z cannot block
out the emission from higher layers whenever the latter
is present. Figure 7 shows a sample of retrieved profiles,
and the overall evolution of the high-altitude mixing ra-
tios can be seen in Figure 1. The generation of signifi-
cant high-altitude HNOg appears to be a relatively brief
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Figure 6. Sample spectra for the period June 21 to
July 22, 1993, indicating the rapid growth of emission
from high-altitude nitric acid vapor. The arrows at the
top indicate the positions of 3 weak, narrow mesospheric
emission lines of NOs which make their first appear-
ance before the middle of May. Individual HNOj line
positions and relative strengths are indicated along the
bottom, as in Figure 2.
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Figure 7. Mixing ratio profiles retrieved from the spec-

tra shown in Figure 6. See text for commentary about
the profile for July 22.

phenomenon with a rapid onset in the 1993 data, fol-
lowed by downward transport common to all vortex air
during winter, as discussed in the previous section, until
we can no longer resolve the profile into separate layers.
Retrievals are, however, consistent with the continued,
perhaps intermittent, generation of small amounts of
HNOj3 near or above 40 km up to mid-August.

A large increase of gas-phase HNOg in the polar win-
ter middle stratosphere was first observed by the short-
lived LIMS instrument during the northern winter of
1978-1979 [World Meteorological Organization/NASA
(WMO/NASA), 1986, and references therein], but re-
mained essentially unexplained, despite various efforts
to identify a transport or in situ generation mechanism
le.g., Austin et al., 1986; Jackman et al., 1987]. In the
LIMS data, HNO3 enhancement in the winter strato-
sphere appears as a relatively smooth gradient taper-
ing off above the lower stratospheric distribution [e.g.,
WMO/NASA, 1986, p. 559]. No further observations
were available to confirm the LIMS data until a set of
observations by the CLAES instrument on UARS, and
the set presented here. CLAES observations were made
near both poles during its active lifetime from October
1991 to June 1993, and data for the Arctic winter of
1991-1992 have recently been analyzed by Kawa et al.
[1995]. In that data, development of a distinct upper
layer of HNO3z was seen in the winter middle strato-
sphere, peaking around 4 mbar (~34 km) in the CLAES
retrievals.

Garcia and Solomon [1994] recently proposed that an
extension of the observed distribution of stratospheric
“aerosol” beyond the upper limit of observational de-
tection (~32 km) could furnish a mechanism for nitric
acid production. They assumed an exponential decrease
with a scale height of 7 km and concluded that the re-
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sulting surface area is large enough for heterogeneous
reaction of NoOs with H,0 to generate a relatively large
amount of HNOs, if a surface reaction probability of 0.1
is assumed. Although qualitatively reasonable, there
may be problems with this explanation. (1) Recent lab-
oratory work by Zhang et al. [1995] suggests that the
surface reaction probability on H5SO4-H2O aerosols can
be significantly lower than 0.1 in the presence of HNOj3.
(2) The observed vertical distribution of new HNOj in
late June to early July does not taper off smoothly from
lower altitudes, as the assumed aerosol content drops,
but lies in a reasonably well-defined second layer. (3)
The presumed first step in HNOj; generation involves
the nighttime conversion of NO3 and NOjs into N2Os.
This reaction occurs relatively rapidly (on the order of a
few days) at night even as high as 40 km [e.g., Brasseur
and Solomon, 1984, p. 262], and subsequent heteroge-
neous reaction of NoOs + H,0 — 2 (HNOg3) will be very
rapid, yet the high-altitude layer does not appear until
middle to late June. The Garcia and Solomon scenario
does not appear to explain this delay. (4) Particularly
rapid downward transport begins in the middle to up-
per stratosphere significantly before sunset [Rosenfield
et al., 1994; Cheng et al., 1996] and continues at lesser
rates at all altitudes throughout the winter. The aerosol
profile postulated by Garcia and Solomon should thus
be diminished well before the time of HNO3 formation.

The first appearance of emission significantly above
noise level at ~40 km occurred in our data about June
21 (with weak hints a few days prior), ie., about a
month after the entire region poleward of 75° has en-
tered winter darkness at 40-km altitude. Table 1 gives
the dates of sunset and sunrise at both 75° and 80°S,
and the dates before or after which there is at least 5
hours of daylight per day. Delays of about a month have
been noted in the early LIMS data [Austin et al., 1986]
and in the CLAES data as well [Kawa et al., 1995].
We thus believe the delay observed between sunset and
the appearance of high-altitude HNO3 in our own ob-
servations is not primarily due to an accident of vortex
positioning or transport over our particular observing
site.
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Kawa et al. [1995] havereviewed an ion cluster mech-
anism first investigated by Bohringer et al. [1983], and
point out several attractive features which make it plau-
sible as a mechanism for providing sufficient surface
area for heterogeneous N3Qs conversion in the ~40 km
range, but confirmation of this mechanism will require
further measurements.

In concluding this discussion, we note in passing the
appearance of weak, very narrow emission lines of NO4
in the spectral bandpass for HN QO3 (see particularly Fig-
ure 6), which strengthen around the time of appearance
of new HNOg in the 40-km range. The narrowness of
the former places them at least 10-15 km above the
region of HN O3 formation, but continuous downward
transport from early winter may furnish some of the
source of supply for new HNOj.

The midwinter middle stratosphere. We ad-
dress next a peculiar feature seen in the contour plots
of Figures 1 and 5: by about day 190, HNOj3 appears to
diminish rapidly in the 26 to 30-km range, while tem-
peratures remain essentially constant and are signifi-
cantly above the condensation threshold. We believe
that this can be attributed to the effects of downward
transport (see previous section) finally winning out over
the heterogeneous conversion of residual NO, to gas-
phase HNOg. Shortly afterward, by day 200, HNOj
appears to increase rapidly in the 30 to 35-km region (a
sample of the corresponding profile evolution is shown
in Figure 7: note the profile shown for July 22). We
believe the latter is likely to be an artifact of the pro-
file retrieval process, caused by decreasing separation of
the upper and lower HN O3 layers over time due to the
quite different rates of descent as a function of altitude
[Manney et al., 1994; Rosenfield et al., 1994; Crewell et
al., 1995]. Starting at 40 km around day 180, the upper
layer would have moved several kilometers closer to the
lower layer by about day 210 (see previous section for
approximate values of downward transport rate versus
altitude), assuming a brief period of generation and a
relatively long lifetime. Tests on the multiple line spec-
trum of HNOg show that two layers may be difficult to
resolve, depending somewhat on relative mixing ratio

Table 1. Sunset and Sunrise as a Function of Latitude

and Altitude

Latitude Zkm >b5 Hours Sun Sunset  Sunrise = >5 Hours Sun
-75 30 May 11 May 23 July 21  Aug. 3
(131) (143) (202) (215)
45 May 16 June 1 July 14  July 29
(136) (151) (195) (210)
-80 30 April 27 May 3  Aug. 11 Aug. 17
(117) (123) (223) (229)
45 May 1 May 8 Aug. 6  Aug. 13
(121) (128) (218) (225)

Numbers in parentheses are day numbers for given

dates.
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and thickness, when their centers are closer than ~8-10
km, and may appear as a single thick layer centered at
the mean altitude (see appendix). This is quite like the
transition in profile shape with time seen in Figure 7.
We therefore caution against the unqualified acceptance
of the profiles or contours retrieved during the period
from about day 200 to at least 225. We believe it likely
that the upper layer descends in approximate accor-
dance with the rates given by Rosenfield et al. [1994]
as a function of altitude and time, while what remains
of the lower layer also descends at a correspondingly
smaller speed.

The individually resolved emission lines of HNOj;
rather abruptly fade away between August 10, when
they were still clearly visible, and August 13 when they
dropped to barely above the detection limit. This mid-
dle stratospheric emission did not return again in any
significant strength above noise level for the remainder
of the season. This timing qualitatively agrees with the
first appearance of sunlight at latitudes close to the pole
(see Table 1), and the rather short lifetime (on the or-
der of 1 day) against photolysis for HNOjz in the daylit
middle stratosphere [e.g., Austin et al., 1986].

3.3. The Spring-Summer Recovery Period

The most notable feature of the spring-summer pe-
riod is the very slow increase of HNO3z in the lower
stratosphere (Figures 1 and 8). If release of HNO3 oc-
curred when PSCs in the 15 to 25 km range evapo-
rate (whether composed of NAD, NAT, or STSs), an
increase in emission intensity would be immediate. An
excess of HNOg (formed via denitrifying heterogeneous
reactions during winter) would then remain for sev-
eral weeks until photolysis restored equilibrium between
HNOj3 and other NO,. We conclude that when HNO;
was released from the particles on which it initially ac-
creted, it was pressure-broadened beyond our ability to
detect it, indicating that these particles had gravita-
tionally settled several kilometers. It is interesting to
note that well over a decade ago, the presence of an
“aerosol hole” over Antarctica in October was taken to
indicate the net removal of particles by sedimentation
during the winter [e.g., Hamill and McMaster, 1984)]. It
seems clear that re-nitrification of the Antarctic lower
stratosphere does not come primarily from the photol-
ysis of HNOj3 released by PSC evaporation.

The 1992 total column measurements of Van Allen
et al. [1995] from an infrared spectrometer are qual-
itatively very similar to our 1993-1994 measurements,
when our retrieved profiles are integrated to give col-
umn densities, as in Figure 8. Quantitatively, our col-
umn densities are smaller by an offset of ~0.5x1016
molecules/cm? throughout the year, but we present here
only values integrated above 15 km, whereas the column
measurements of Van Allen et al. run from the ground
up. The offset quoted above is not unreasonable for the
column correction below 15 km. An additional source’
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Figure 8. Column densities derived by integration of
retrieved profiles from 15 km upward. Accuracy is be-
lieved to be £0.1x101¢ molecules/cm? or better.

of systematic error might arise from the assumed vibra-
tional line strength used in reducing the infrared spec-
troscopic observations of Van Allen et al.: the quoted
accuracy here is 10%. A more interestingand significant
difference in the two data sets is that the onset of rapid
HNOg depletion occurred more than a full month ear-
lier in 1993 than in 1992. It is confirmed by additional
unpublished 1993 South Pole column density measure-
ments by the University of Denver (F. Murcray, private
communication, 1995).

Finally, we note a significant lack of closure in the re-
covery of HNOg3 by the time of our last measurement on
January 10, 1994, and the values measured at the start
of our observations in mid-April of 1993. Assuming sim-
ilar column demnsities were reached by mid-April 1994,
then essentially half the total increase in HNOs above
15 km would appear in the Antarctic stratosphere dur-
ing the 3-month interval between mid-January and mid-
April, well after the breakdown of the vortex. Southern
hemisphere retrievals of HNOj at asingle altitude of § =
465 K (~19 km) have been published for selected peri-
ods between late April and early November 1992, from
UARS CLAES data by Roche et al. [1994] and from
UARS MLS data by Santee et al. [1995]. Both stud-
ies show that in mid-August a ring of enhanced HNO3
encircled Antarctica at latitudes <75°S with mixing ra-
tios up to 10-13 ppbv. By November 1, this ring had
largely dissipated at § =465 K, and although mixing
ratios near the pole recovered from the extreme lows of
August, it does not appear that this was accomplished
by a significant poleward transfer of the large ring mix-
ing ratios, at least not at the constant pressure altitude
used in the MLS analysis. The data set of Van Allen et
al. begins in late January 1992 and shows an increase
of about 25% up to the time of rapid depletion, for the
estimated column density above 15 km, but clearly not
a doubling, suggesting some interannual differences in
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depletion and recovery. Roche et al. [1994] in their Fig-
ure 5b show a much earlier and more complete recov-
ery for the 1992-1993 spring-summer period (one also
marked by the heaviest Pinatubo-driven aerosol con-
centrations), but this is for a zonal average from 72° to
80°S at a fixed altitude of 46 mbar (~460 K or 19 km).

What is the ultimate fate of HNO3z removed from the
stratosphere? It is interesting to note that the total col-
umn measurements of Van Allen et al. from the surface
up show no rebound in gas-phase HNO3 after a time
sufficient for PSC settling to low altitudes and higher
temperatures. This may indicate removal from the vor-
tex region by transport in the outflow of air to lower lat-
itudes which must occur above the tropopause. On the
other hand, if gravitational settling causes penetration
of the tropopause while still within the vortex region,
then increasing water vapor below the tropopause might
allow a rapid accretion of water onto STS surfaces,
which would both trap the HNOg3 and greatly increase
the rate of gravitational settling. It is not implausible to
assume particles might move from the stratosphere to
the surface in a matter of months. Qin et al. [1992] give
figures for total nitrogen deposition in surface snow at a
series of locations across Antarctica (unfortunately la-
beled nitrate in their Figures 2 and 3; see Moore, [1993]
and Qin et al. [1993] for clarifications). Concentra-
tions are greatest at high interior regions, but Qin et
al. conversely give lower fluxes for these regions, divid-
ing observed concentration by total estimated snowfall,
which is greatest for coastal regions. Taking the column
change in stratospheric gas-phase HNO3 between the
early winter maximum and the early summer recovery
period to be ~1.6x10'® molecules/cm?, and assuming
all this reaches the surface in one year, the annual flux
would be about 1.6x1026 molecules of HNO3/km?, or
about 3.7 kg/km?, surprisingly close to the figure given
by Qin et al. for total nitrogen flux near the pole from
all sources (1.5-4 kg/km?/yr, which they assume to be
derived primarily from atmospheric, but not necessar-
ily stratospheric, sources) and more than a factor of 2
below the highest fluxes listed at other high inland sites
between the pole and Vostok Station. Snowfall is noto-
riously difficult to measure in Antarctica, however, so
that the derived fluxes could be in error by a significant
factor (see Moore [1993], for instance). Moreover, Qin
et al. take no account of the role of katabatic winds in
scouring the high mid-continent and sweeping material
toward or beyond coastal areas throughout the winter.
It is at least interesting that the result of the simple
assumptions used here is of the same order of magni-
tude as the estimated total nitrogen flux. Clearly, more
observations are needed to clarify the fate of HNOjz lost
in the winter.

4. Summary

In the present study, measurements of pressure-broad-
ened spectral lines were taken every few days from April
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15, 1993 to January 10, 1994. From these, vertical pro-
files and column densities have been retrieved for the
altitude range from ~15 to 48 km. We have been able
to directly link the initial appearance of PSCs detected
from local lidar observations with the onset of rapid re-
moval of HNOj from the lower stratosphere, to show
the shifting altitude range of initial and subsequent re-
moval as a function of evolving temperatures, to deter-
mine the total amount of depletion above ~15 km, and
to document the slow increase of HNO3 in the 1993-
1994 Antarctic lower stratosphere through the spring,
summer, and early fall period. We note that the de-
pletion of gas-phase HN O3 by condensation occurred
a month earlier in 1993 than seen by Van Allen et al.
[1995] in their 1992 column measurements. We show
that the rate of loss of gas-phase HNOj over a vertical
range of several kilometers is consistent with theoreti-
cal expectations of temperatures and partial pressures
for the formation of ternary PSCs composed of HNO3,
H;0, and H3SO4. The very slow recovery of gas-phase
HNOj3 after atmospheric warming is strong proof that
gravitational settling carries condensed particles signif-
icantly below ~15 km by the end of winter: the slow
recovery in ground-based total column measurements
by Van Allen et al. further indicates that this material
does not remain in the lower atmosphere over the polar
region until warming occurs. We speculate on the fate
of HNOg3 removed from the gas phase by condensation
during the polar winter.

We have also observed the formation of new HNO3
in the middle to upper stratosphere during late June
and early July, as initially seen in 1978-1979 LIMS data
from the northern polar stratosphere, and more recently
in CLAES data [Kawa et al., 1995]. By later July and
August, our measurements indicate that the initial, sep-
arate high layer was transported downward, as part of
the general differential vertical transport in the polar
vortex, until it became too close to the remnants of
the “normal” lower layer to be resolved by our retrieval
technique. There is also evidence for continued or in-
termittent formation of smaller amounts of HNOg3 at or
above ~40 km up to mid-August.

Appendix

We use an iterative constrained matrix inversion tech-
nique [Twomey, 1977, Puliafito et al., 1995] to re-
trieve nitric acid mixing ratio profiles from pressure-
broadened emission lines. This technique can handle
the inversion of several lines simultaneously and is thus
well suited to the cluster of HNO3 lines in our spec-
tra. We illustrate retrieval accuracy by starting with
assumed “true” profiles similar to various stratospheric
distributions of HNQ3. From these, we generate syn-
thetic spectra, add an appropriate level of random noise,
and test the degree to which profiles retrieved from the
artificial data match the initial profiles.
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Figure A1l. Profile retrieval test using iterative constrained matrix inversion. (Left) Dotted line is
“true” profile, dashed line is initial guess, and solid line is retrieved profile. (Upper right) Spectrum
synthesized from “true” profile, with 0.01 K rms random noise added. Superimposed is the fit generated
from the retrieved profile, lying everywhere within the noise. (Lower right) The (data — fit) residuals
for all 512 spectral channels, which have a resolution of 1 MHz each.
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Figure A2. Profile retrieval as in Figure Al, but assuming a lower layer strongly depleted below 30
km and an upper layer peaking at about 41 km, as found around day 190. Again 0.01 K rms random
noise has been added to the synthesized spectrum before deconvolution. Despite the significantly worse
S/N ratio, retrieval accuracy is still quite good, except for a upward shift of ~1.5 km in the upper layer.
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Tests were made using spectral contributions synthe-
sized from significant nitric acid lines centered outside
as well as inside the spectral passband of our instru-
ment. This so-called forward synthesis is unambigu-
ous and unique in spectral output. It is well known
that all methods of retrieval by deconvolution from
even noise-free data are in principle non-unique [e.g.,
Twomey, 1977]: the addition of noise further adds to
the retrieval uncertainty in nonlinear proportion to the
signal/noise ratio. For the tests made here, random
channel-to-channel noise at an rms value of 0.01 K in
brightness temperature was then added to the synthetic
spectra. This amplitude is typical or somewhat larger
than the sum of random receiver plus sky noise emission
in our spectra. Figure Al gives an illustration of a rep-
resentative vertical profile recovery using the iterative
constrained matrix inversion technique. The left-hand
panel shows the “true” profile (dotted line) used to gen-
erate the spectrum. This was similar to those found in
the April-May period. The upper right panel shows the
generated spectrum, with noise added, which acts as
“data” for retrieval testing. The solid curve in the left-
hand panel is the retrieved profile, and superimposed
on the “data”, but rather difficult to see in this case,
is the noise-free synthetic spectrum generated from the
retrieved profile. The difference spectrum is shown in
the lower right panel. Finally, the starting profile used
for the iterative constrained inversion is shown as the
dashed line in the left-hand panel. We have found that
results from this method of deconvolution are essen-
tially immune to the choice of any “reasonable” profile
(1e., within an order of magnitude at any given alti-
tude) used to start the iterative solution. We illustrate
here the use of a constant 8 ppbv mixing ratio from 15
to 51 km as the starting profile. Note in particular the
ability of the technique to find very nearly the correct
mixing ratio at the highly pressure-broadened low end
of the distribution.

All examples here were processed with an identical
fourth-order derivative constraint. No attempt was
made to simulate small instrumental artifacts contri-
buted by standing wave reflections in the input path
of the instrument, or from other sources. Unless these
are of rather wide extent (e.g., producing an undula-
tion with a “wavelength” one or two times the spectral
spread of 512 MHz), or of large amplitude (several tens
of milli-Kelvin), we have found that such artifacts tend
to have a rather small effect on retrieval accuracy. In
actuality, our data (e.g., Figures 2 and 6) show only
minor standing wave artifacts, with a few exceptions
which have been discarded if retrievals differed signifi-
cantly from near-temporal neighbors.

Figure A2 shows retrieval of a lower layer similar to
that in Figure A1, but strongly depleted below 30 km,
and with an assumed upper layer formed with a peak at
41 km. Retrieval of both the lower layer peak altitude
and shape is quite good, while the upper layer is some-
what displaced in the retrieval. Figure A3 indicates
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Figure A3. Profile retrieval as in Figure A2, but with
the layers moved downward to a peak separation of ~8
km. Retrievals fromm “forward” line shape syntheses for
each of four profiles (dotted lines) are tested, with in-
creasing mixing ratios in the upper layer, as well as a
thicker upper layer in the last. Residual fits are about
as shown in Figures Al and A2 for each case tested.

potential problems with retrieval of a double-layer pro-
file when the lower layer in Figure A2 has been moved
down by 1 km and the upper layer by 4 km. The fit
to the “data” and resulting residuals were essentially as
shown in Figures A1l and A2, and so are not repeated.
Now, depending on the assumed amplitude and thick-
ness of the upper layer, various results follow, varying
from fairly good for a weak layer to total blending into
one layer peaking at the mean altitude for two thick
layers of equal mixing ratio. Since differential verti-
cal transport will bring upper and lower layers together
during the course of a winter, we caution against more
than a provisional acceptance of the midwinter profiles
retrieved here (from about days 200-250).

Aside from questions of midwinter retrieval accu-
racy, recovery of the peak mixing ratios for upper or
lower layers appears to be accurate to a few percent
in these illustrations. We estimate a more conserva-
tive 10-15% uncertainty for profiles retrieved from ac-
tual data. There are additional uncertainties connected
with receiver sensitivity calibration, intrinsic emission
line strength accuracy, pressure and temperature pro-
files from local balloon and satellite measurements, and
atmospheric opacity corrections: we estimate these to
sum in quadrature to an additional 15% for our HNO3
data. The latter constitute a systematic uncertainty for
any given day’s data, but the total is composed of in-
dividual contributions, the largest of which vary in a
random manner from one day to another. We therefore
add the deconvolution uncertainty to the parameter un-
certainties in quadrature for an overall uncertainty es-
timate of 21%.
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