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Comparison of correlative data with HNO; version 7 from the
CLAES instrument deployed on the NASA
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Abstract. The cryogenic limb array etalon spectrometer (CLAES) aboard UARS made
near-global measurements of HNO; and 388 days from January 9, 1992, to April 25, 1993,
have been processed to data version 7 (V7). Results from UARS instruments, including
CLAES, the improved stratospheric and mesospheric sounder, and the microwave limb
sounder, provide the first near-global documentation of the evolution of denitrification in
the Antarctic 1992 winter and spring vortex. We provide a description of the CLAES
HNO; V7 quality that includes comparisons with correlative measurements to assess
overall quality, accuracy, and precision. Correlative profiles of volume mixing ratio (vmr)
included those obtained by the space shuttle deployed ATMOS in two missions, March-
April 1992 and April 1993, data from a variety of balloon-borne instruments at
midlatitude (11 profiles), and in high-latitude northern winter (six profiles), and LIMS
data. In general, the CLAES V7 HNO; maximum values of vinr were of the order of
6-15% less than correlative for CLAES values =8 parts per billion by volume (ppbv).
However, when CLAES peak vmr values were 10 to 13 ppbv, then CLAES values
exceeded correlative by 0-7%. The comparisons were within the combined instrumental
error estimates, or observed measurement variability, for the large majority of
comparisons. As discussed, the retrieval of future versions will utilize updated spectral
parameters and will also correct for a small uncompensated drift in radiometric calibration
that occurred in the latter part of the mission. This is expected to improve the
comparisons in the =8 ppbv range, perhaps at the expense of those in the =8 ppbv range.
The data obtained January 9 to April 15, 1992, in comparison with data obtained January
9 to April 15, 1993, reveal strikingly evident 1-year period deseasonalized trends on a
global basis. These trends agree quantitatively with available correlative data suitable for
trend analysis. These include ATMOS in the southern midlatitudes and published long-
term time series of HNO; column obtained at 45°S and 20°N. These trends reveal a large
decrease in the southern hemisphere and small increases in the northern hemisphere, such
that the global average is toward a decrease. The global average decrease we attribute to
the diminishing influence of heterogeneous conversion of N,Oy to HNO; as the Pinatubo
aerosol settles out during this time period, and the HNO; recovers toward pre-Pinatubo
conditions. We establish plausibility that the small increases in the north are due to
hemispherically asymmetric QBO-like effects that are strong in the northern hemisphere
and weak in the southern hemisphere and are phased to produce an increase in HNO;
over the 1-year time period of just the right magnitude to more than offset decrease due
to settling out of the Pinatubo aerosol. Based on this study, our range of confidence in the
CLAES HNO; V7 product is from 70 to 3 mbar, in comparison with correlative data, and
the precision on this range is of the order of 0.3-1.0 ppbv. This precision was derived
from data repeatability and agrees within a factor of 2 or better with estimates based on
instrument characterization and with error estimates embedded within the V7 data.
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1. Introduction

As discussed by various authors, measurement of strato-
spheric HNOj is interesting with regard to three different as-
pects of the problem of O; destruction in the middle strato-
sphere. First, on a global scale it is the product of the reaction
OH + NO, + M — HNO; + M which is important in dis-
rupting the major catalytic cycle for O; destruction, namely,
the odd nitrogen catalytic cycle involving NO and NO,. The
resultant HNO; is a relatively nonreactive form of odd nitro-
gen that is transported down to the troposphere where it is
rained out, the principal sink mechanism for stratospheric odd
nitrogen. Second, in the extremely cold Antarctic winter-
spring, HNOj is depleted by condensation on to aerosols and
sedimentation. This leads to depletion in NO, since it is pro-
duced mainly by 2v + HNO; — OH + NO,. Relatively large
amounts of active Cl then can exist in the atmosphere since
there is not enough NO, to effectively remove it by NO, +
ClO + M — CIONO, + M. The end result is dramatic reduc-
tion of ozone due to the Cl catalytic cycle. Third, in the pres-
ence of enhanced stratospheric sulphate aerosol as was pro-
duced by the Pinatubo eruption, reactions on the aerosol
surface can convert N,O5 to HNO; and significantly reduce the
odd nitrogen in the atmosphere [Hoffman and Solomon, 1989],
leading to enhanced ozone reduction due to corresponding
increases in active chlorine and odd hydrogen that are sup-
pressed by active nitrogen. Finally, a long-term global data set
makes it possible to look for the relatively large effects of the
quasi-biennial oscillation (QBO) on HNO; that have been
predicted by various authors [Chipperfield and Gray, 1992; Gray
and Ruth, 1992].

There are three instruments deployed on the UARS that
address HNO, measurement, CLAES, ISAMS, and MLS.
These instruments also measure many other important chem-
ical constituents of the upper atmosphere, as described by
[Roche et al., 1993a; Taylor et al., 1993; Waters, 1993]. These
UARS-borne instruments are capable of achieving a high areal
coverage density, typically more than 1200 HNO; vmr profiles
per day for CLAES, for example.

There exist many (too numerous to cite all) single-profile
and in situ measurements of HNO;. Some of the earlier of
these are Murcray et al. [1968], Lazrus and Gandrud [1974],
Fontanella et al. [1975], Murcray et al. [1975], and Evans et al.
[1976], for example. However, prior to UARS the LIMS [Gille
et al., 1984] constituted the only high areal density, nearly
global HNO; data set. The LIMS data were obtained in the
latitude range from 64°S to 84°N and on the time period
October 24, 1978, to May 28, 1979. Therefore south polar
processes were not observed. In addition to LIMS, space-based
solar occultation HNO; measurements have been obtained by
the ATMOS instrument in shuttle-deployed missions [Farmer,
1987; Farmer et al., 1987; Russell et al., 1988], but due to short
duration and the relatively limited shuttle mission time peri-
ods, these data are generally limited to lower than polar lati-
tudes and considerably lower coverage density than the UARS
data. However, due to recent awareness of the south polar
ozone depletion [Farman et al., 1985] a number of polar mea-
surement campaigns, including the Airborne Antarctic Ozone
Experiment (AAOE) in 1987 [Tuck et al., 1989], the Airborne
Arctic Stratosphere Expedition (AASE I) in 1989 [Turco et al.,
1990] and the AASE II in 1991/1992 [Rodriguez, 1993; Traub et
al., 1994a, b], have been conducted. These resulted in mea-
surements of HNO; at point locations and on aircraft flight
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profiles that have produced a valuable database on the phe-
nomenology of HNOj; during heterogeneous ozone depletion
events, including its dramatic depletion due to freeze-out and
sedimentation during south polar winter. The UARS HNO,
measurements build on these data by providing high-density
global coverage over an extended time period [Reber, 1993].

This paper focuses on the 388 days of CLAES data that are
processed to V7. These days are interspersed on the period
from January 9, 1992, to April 25, 1993. As described by Roche
et al. [1994], the CLAES is mounted on the cold Sun-shaded
side of the UARS which, due to orbital precession, is yawed
180° every ~36 days to maintain the Sun-shaded condition.
Before, during, and after the yaw around maneuver, for a total
of approximately 5 days, the telescope door is closed to prevent
solar heat load on the cryogen and solar damage to the instru-
ment, and no atmospheric data are obtained in this period.
Thus data are obtained for alternate 31-day periods preferen-
tially in the southern or the northern hemisphere, dependent
on yaw direction. Viewing north provides global coverage be-
tween 80°N and 34°S, and this covers 77% of the Earths’ area,
and viewing south between 80°S and 34°N. The two viewing
directions taken together provide coverage of more than 98%
of the globe. Each latitude circle is sampled 30 times per day
within these latitude bands, and both illuminated and dark
(including polar night) coverage is obtained. Coverage is al-
ways obtained in the overlap band between 34°N and 34°S. The
orbit precession provides coverage of all local times in the
36-day period. The CLAES measurements cover a variety of
atmospheric conditions which include the Arctic and Antarctic
winters and the period of heavy stratospheric aerosol loading
that resulted from the Mount Pinatubo eruption of June 15,
1991, and the changing conditions as the aerosol settled out of
the atmosphere. CLAES HNO; observations have been previ-
ously published by Roche et al. [1993b] for selected days in the
1992 south polar winter, and Roche et al. [1994] expands on
that with an overview of the observed morphological and sea-
sonal behavior of HNO; in both hemispheres over the V7
processing time period with emphasis on the high-latitude low-
er-stratospheric region of prime interest for heterogeneously
driven ozone depletion. This [Roche et al., 1994] paper points
out the evolution of the major depletion in south polar HNO,
in the winter and spring that is clearly evident in the CLAES
data. The CLAES instrument was able to obtain these obser-
vations in consecutive south-looking periods spanning the
event. The Roche et al. [1994] paper also addresses compari-
sons of CLAES V7 HNO; with the Lawrence Livermore Na-
tional Laboratory heterogeneous chemistry model; therefore
this paper will not address model comparisons.

This paper supports and builds on the previous CLAES
HNO; publications. It provides a description of the V7 data
characteristics that is required for appropriate use of these
data by the community. In developing this description, on
comparing data within the period January 9 through April 15,
1992, with corresponding data within the period January 9
through April 15, 1993, it became clear that strikingly obvious
1-year deseasonalized trends are globally present in the data.
Where correlative data are available to check these trends,
they agree quantitatively. This includes the ATMOS data ob-
tained in the southern hemisphere in late March-early April
1992 and in early April 1993, HNO; column times series data
at 45°S [Koike et al., 1994], and at 20°N [David et al., 1994]. A
more detailed description of the trends is given in sections 3.2
and 5.1 below, and a discussion of mechanisms is provided in
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Figure 1. Cryogenic limb array etalon spectrometer
(CLAES) continuous spectra obtained in blocker region 6,
targeted for HNOj; retrieval.

section 5.2. The remainder of this paper is divided into five
sections. The first (section 2) provides a brief review of the
instrument and measurement technique and the V7 approach
for retrieval and computation of the error estimates that are
embedded in the reported V7 data. Section 3 presents the
comparisons with correlative data and analyses to establish
estimates of systematic error and precision. In section 4, sys-
tematic and random error estimates that are based on instru-
ment characterization are derived and compared with results
obtained from comparisons with correlative measurements. In
section 5 the trends are described in more detail and compared
with correlative data, trend mechanisms are discussed, and
data usage caveats are presented. The final section 6 presents
a summary and conclusion.

2. Methodology

The CLAES derives geophysical quantities from infrared
radiance emissions in a limb-viewing mode. Nine spectral re-
gions are sequentially isolated to retrieve pressure, tempera-
ture, HCI, NO, H,O, NO,, N,O,, CH,, N,0O, CFC-12, CFC-11,
HNO;, O;, and CIONO,. The CLAES optical system and
measurement technique are described by Roche et al. [1993a].
In brief, after entering the instrument through a telescope
designed to minimize stray light, the Earth-limb thermal emis-
sion passes through one of four Fabry-Perot etalons which are
mounted in a paddle wheel and one of nine order blocking
filters mounted in a filter wheel. Each filter isolates a narrow
spectral region that includes spectral features of one or more
target species. The CLAES filters actual performance for Av/v
ranged from 0.4 to 0.7% where v refers to the spectral center
of the filter passband and where Av refers to the filter passband
full width at half maximum. The Fabry-Perot provides spectral
resolution of the order of 20 to 30 times better than that of the
filter, within the filter passband. Thus resolutions of the order
of 0.2 cm™ ' are achieved at the longest wavelength region near
780 cm ™' and of the order 0.65 cm™' in the region near 2843
cm ™', The etalon is tilt tuned within a filter passband by means
of tilting the paddle wheel. A tilt through a nominal range of
20° to 25° provides a complete spectral scan at etalon resolu-
tion within the filter passband. Aspects of the instrument spec-
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tral characterization have been described in numerous refer-
ences by Roche et al. [1993a] and by Mergenthaler et al. [1990].
The spectrally filtered radiation falls on a focal plane assembly
consisting of a main array of 20 elements and an HCI array of
3 elements. The main detector array is used by eight longer-
wavelength channels, one of which targets HNO,, and takes
atmospheric data simultaneously in twenty 2.5 km vertical in-
crements giving altitude coverage from approximately 10 to 60
km.

Examples of the continuous spectra obtained simultaneously
on several of the 20 CLAES detectors when scanning the
etalon in the spectral region near 879 cm™' that was selected
for HNO; retrieval (i.e., “blocker 6”) are shown in Figure 1.
The type of spectra shown in Figure 1 require an entire 65-s
period to complete the scan through the blocker passband.
This is too long to be done on a routine basis because 65 s is the
period selected for repetition of the total set of instrument
measurements by the UARS science team. The CLAES total
measurement set includes much more than HNO;, so only a
small fraction of the 65 s can be spent on obtaining measure-
ments in the HNOj; region, similar applies for the other
CLAES species. For CLAES to obtain an entire measurement
set within time limit requires that only a small number of
samples can be obtained within each blocker filter passband.
These are listed for all CLAES blocker regions by Roche et al.
[1993a]. By inspection of this list it can be seen that the CLAES
retrieval process involves multiple channels and multiple emit-
ters on each blocker region. For the 879 cm ™! region there are
four measurement channels and two retrieved species, HNO,
and aerosol, as shown below in Table 1.

The CLAES approach for retrieval and error estimation for
V7 data for the CLAES multiemitter multichannel problem is
discussed in Appendix A below. The problem is broken down
to the equivalent of a single-emitter and single-channel prob-
lem for each specie i by using a linear least squares approach
for fitting calculated radiances to the observed data. In our
case this procedure provides an equivalent single-specie single-
channel retrieval problem for HNO; and aerosol. Next, a
method similar to the Newtonian iterative algorithm [Rodgers,
1976, equation (99), p. 621] is used for retrieval and error
estimation for each specie i. For production data processing
the method requires a computationally efficient algorithm for
calculation of radiance profiles. The model described by Mar-
shall et al. [1994] is used for this purpose. The method uses
“initial guess” species profiles from the UARS prelaunch cli-
matology that was developed (by R. R. Seals and D. J.
Wuebbles) for the UARS science team, and a description

Table 1. Narrowband Channels Used in the HNO; Region
Spectral
Position,
cm™! Spectral Feature and Comment
876.69 local minimum in HNO; spectral radiance, optimizes
spectral contrast for aerosol retrieval*
877.91 local maximum in HNO; spectral radiance
878.91 largest maximum in HNOj spectral radiance, occurs
at the v5 g branch
879.96 local minimum in HNO; spectral radiance

*The retrieval procedure is described in more detail in Appendix A.
On a fractional basis the aerosol contribution is emphasized in the
“HNOj local minimum channels,” and these were selected for use by
CLAES to facilitate its retrieval.
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provided by P. S. Connell is given by Kumer et al. [1993].
Retrieval of a CLAES species (such as HNO;) profile requires
the use of a pressure and temperature profile. These are the
first parameters obtained in the general CLAES retrieval pro-
cess, and these are retrieved from data obtained in the spectral
region centered at 790 cm™!, as is discussed by Roche et al.
[1993a] and Gille et al. [this issue].

Figure 2 shows the initial climatological guess and the results
from seven iterations of the retrieval process for a typical
HNO; and aerosol retrieval. The final solution is much differ-
ent than the initial guess and the changes between successive
iterations decrease rapidly. Four iterations which are used in
the V7 software are sufficient to achieve a solution within
variance estimates.

3. Correlative Comparisons
3.1.

A comprehensive set of correlative measurements are exam-
ined to assess the CLAES data quality. A subset of HNO,
measurements obtained during the mission and the LIMS
measurements from before the mission are used. Some HNO,
measurements that were made during the UARS mission may
be omitted from this discussion, but we believe we have in-
cluded enough data from independent and well-proven sources
to provide a solid basis for comparison. The LIMS data are
also used as these represent the only available correlative data
that can be used to obtain global comparison. The discussion
addresses comparisons versus HNO; vmr profiles measured
from the space-shuttle-borne ATMOS during the Atmospheric
Laboratory for Applications and Science (ATLAS) 1 and 2
missions, versus profiles obtained by various balloon-deployed
instrumentation during the operational life of the CLAES, and
comparisons with LIMS zonal mean cross sections for repre-
sentative seasonal and regional cases.

The Atmospheric Trace Molecule Spectroscopy (ATMOS)
experiment is a shuttle-deployed instrument. It is a fast-
scanning high-resolution (0.01 cm™!, unapodized) Michelson
interferometer that records solar occultation spectra in the 2-
to 16-um region from Earth orbit. A series of high-resolution
spectra of the Sun at tangent height separation of 4 km through
and above the atmosphere were recorded at sunrise and sun-
set. The spectra of transmission through the atmosphere
record the absorption of many molecular species, including the
correlative species N,O, CH,, HNO,, CLONO,, N,Os, and
CF,Cl, for comparison with UARS data. A detailed descrip-
tion of the ATMOS experiment and the measurements ob-
tained during the Spacelab 3 shuttle mission has been given by
Farmer [1987] and Farmer et al. [1987]. Measurements of many
of these species in the original ATMOS mission on Spacelab 3
have been discussed by Russell et al. [1988] and Gunson et al.
[1990]. During the CLAES lifetime, ATMOS was deployed
and gathered correlative data in two shuttle flights, the ATLAS
1 mission in late March and early April 1992 and the ATLAS
2 mission in mid-April 1993.

The far-infrared spectrometer (FIRS-2) instrument is de-
scribed by Traub et al. [1991] and Johnson et al. [1995]. It is a
high-resolution, far-infrared thermal emission Fourier-
transform spectrometer that operates on a balloon-borne plat-
form at about 39 km altitude. It operates in both the far
infrared (80-220 cm ') and the mid-infrared (350-700 cm™")
with an unapodized spectral resolution of 0.004 cm™'. Since
FIRS-2 measures thermal emission spectra of molecular rota-

Description of Correlative Data Sources
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Figure 2. Initial climatological guesses and the results from

seven iterations for a typical retrieval of HNO; and aerosol
profiles.

tional and vibrational transitions, it can operate throughout the
diurnal cycle. In addition to HNO; the FIRS-2 obtained cor-
relative temperature, pressure, HCl, H,0, O, NO,, and N,O
data for comparison with CLAES data. These data are avail-
able for three balloon flights of this instrument launched from
Ft. Sumner, New Mexico, on May 29, 1992 (36.5°N, 255.2°E),
and on September 29, 1992 (36.9°N, 259.6°E), and from Bar-
stow (Daggett Airport), California, on March 24, 1993 (37.1°N,
252.5°E), and covering the altitude range of 18-40 km. A
fourth flight was executed May 22, 1994 but will not be con-
sidered in this discussion because this was well after the end of
CLAES life.

The balloon-borne laser in situ sensor (BLISS) instrument
measurement concept, operational details, and data reduction
procedures have been described by Webster et al. [1987, 1990,
1994]. It is a high-resolution (0.0001 cm ") absorption spectrom-
eter in the mid-infrared wavelength region using tunable diode
laser (TDL) sources. The instrument probes in situ a region of the
stratosphere away from the gondola by sequentially transmitting
TDL beams to a retroreflector suspended 200 m below the in-
strument gondola. Volume mixing ratios of NO,, CH,, HNO;,
and HCI have been determined for nighttime conditions for Au-
gust 26, 1992, near Palestine, Texas (31.4°N, 261.2°E). These were
obtained over the altitude range of 23 to 33 km. Because the
instrument can only measure one species at a time, approximately
three different altitude measurements of each species were ac-
complished on this flight, considerably farther apart than the
intrinsic 0.2-km resolution of the instrument. The predicted min-
imum detectable mixing ratio at 30 km is typically <0.1 ppbv for
many stratospheric constituents of interest. Accuracy of the
HNO; measurement is £11%.

The sub-millimeter-wave limb sounder (SLS) instrument is
described by Stachnik et al. [1992]. It is a balloon-borne sub-
millimeter-wave radiometer simultaneously measuring thermal
emission spectra from HNO,, CIO, HCI, O;, and H,O in the
600-GHz spectral region. The instrument obtains limb spectra
from float altitude, typically 38 km. Stratospheric vmr is ob-
tained for these constituents from 15 to 50 km with a resolution
of 3to 5 km. The accuracy for the HNO; measurement is about
20% with an averaging time of 15 min as set by the 25-min
duration of one limb scan sequence. HNO; data taken on
September 29, 1992, from Ft. Sumner, New Mexico (35.5°N,
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259.0°E), and on April 3, 1993, from Barstow (Daggett Air-
port), California (34.5°N, 249.0°E), have been used for com-
parison with CLAES HNO;.

The JPL MARK IV (i.e., MKIV) interferometer, described
by Toon [1991], is a high-resolution solar absorption spectrom-
eter which measures the entire 650 to 5650 cm ™' region simul-
taneously at a résolution of 0.01 cm ™. From balloon the MKIV
is capable of obtaining volume mixing ratio vertical profiles
between cloud top and balloon altitude (typically 37 km) for a
number of UARS species, including HNO;, CF,Cl,, CH,,
N,O, NO,, HNO;, CIONO,, and N,Os and can also obtain
total column measurements above the balloon float altitude.
Two flights of this instrument on September 14-15, 1992, from
Ft. Sumner (34.5°N, 255.7°E) and another on April 4, 1993,
from Barstow (Daggett Airport) (34.9°N, 243.2°E) were avail-
able for this validation exercise. The earlier flight provided
both sunrise and sunset data, the latter just sunset data.

The Bomem Fourier transform spectrometer (FTS) instru-
ment is described by Murcray et al. [1990]. It is a modified
Bomem model DA3.002 Fourier transform spectrometer
(FTS) with a maximum optical path difference of 250 cm,
which corresponds to spectral resolution (full width half max-
imum of the instrument response function) of 0.0024 cm™". It
is used to obtain atmospheric solar absorption spectra. It uses
a liquid nitrogen-cooled mercury cadmium telluride (MCT)
detector that covered a useful band-pass region from approx-
imately 750 to 1280 cm™'. Analysis of infrared absorption
spectra collected during the balloon flight on July 24, 1992,
launched from Palestine, Texas (31.6°N, 259.5°E), yielded
measurements of HNO;, CIONO,, and N,O. The sunset flight
out of Barstow (Daggett Airport), California (35.4°N,
253.7°E), on April 7, 1993, provided observations of HNO; and
CIONO,. Both flights covered the altitude range of about 15 to
40 km.

The cold atmosphere emission spectral radiometer
(CAESR) instrument is described by Murcray et al. [1994]. It is
a small grating spectrometer, operating at liquid He tempera-
ture in a small dewar. The unit obtains atmospheric emission
spectra in the 7.5- to 12.6-um wavelength region as it ascends
on a balloon. The altitude profile for HNO;, covering about 10
to 30 km, is obtained by measuring the change in the spectral
radiance with altitude in the regions where HNOj; has spectral
features. For the present data, collected above Kiruna, Sweden
(67.5°N, 20.2°E), on January 9 and March 5, 12, and 14, 1992,
the CAESR rode piggyback on flights sponsored by the Euro-
pean Arctic Stratospheric Ozone Experiment (EASOE).

The Michelson interferometer for passive atmospheric
sounding, balloon-borne (MIPAS-B) version instrument is de-
scribed by Clarmann et al. [1993, 1994]. It is a cryogenic Fou-
rier transform spectrometer, which was especially designed to
record limb emission spectra for simultaneous measurement of
atmospheric trace gases during night and polar winter from
stratospheric balloons. This spectrometer is a rapid scanning
interferometer using a modified Michelson arrangement,
which allows a spectral resolution of 0.04 cm™" (unapodized)
to be achieved and spectral regions from 770 to 970 cm ™', as
well as from 1170 to 1390 cm ™!, to be covered. MIPAS-B flew
from Esrange, Sweden (68°N, 21°E), as part of the EASOE on
January 13 and the night of March 14-15, 1992, measuring
HNO; and CIONO,.

The limb infrared monitor of the stratosphere (LIMS) in-
strument is described by Gille and Russell, 1984]. It was a
six-channel broadband limb-scanning radiometer that was de-
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ployed on Nimbus 7 and obtained data in the latitude range
from 64°S to 84°N and on the time period October 24 to May
28, 1978. Measurements of H,O, NO,, O,;, HNO,, and tem-
perature were obtained by the LIMS. The HNO; was obtained
at ~2.7 km vertical resolution.

3.2. Comparison Results

3.2.1. Comparison with correlative profiles. During the
mission, correlative profiles were obtained by the ATMOS and
by balloon-borne instrumentation. The ATLAS 1 and 2 shuttle
deployments of ATMOS provided the largest number of pro-
files for comparison and these will be the addressed first. The
profiles obtained by balloon-borne instrumentation clustered
into two northern latitude regions: one at midlatitudes near the
balloon launching facilities in the Southwest, United States,
where data were obtained by the FIRS-2, BLISS, SLS, MKIV,
and the Murcray Bomem FTS and the second at high latitude
near Kiruna, including CAESR and MIPAS-B.

Comparison with ATMOS: The ATLAS 1 flight took place
from March 24 to April 7, 1992, during heavy stratospheric
aerosol loading from the Mount Pinatubo eruption of June 15,
1991. The ATMOS HNO; data version 1 was used for these
comparisons. It is described by M. R. Gunson et al. (manu-
script in preparation, 1995). The version 2 will be released in
the near future. Coincidence with CLAES data facilitated
comparisons with 17 ATMOS sunset occultation profiles in a
south midlatitude band and 21 comparisons with ATMOS sun-
rise profiles in a latitude band ranging from the south tropics to
the north subtropics.

Comparison of CLAES and ATMOS profiles are based on
coincidence measurements within a criterion of =2° latitude,
+10° longitude, and =12 hours. Sometimes, more than one
CLAES profile would satisfy these conditions. In these cases,
to make single CLAES to ATMOS profile comparisons, the
CLAES profile, satisfying the coincidence criteria and also
closest in time, was selected. Representative examples of these
are shown in Figure 3. The vertical scale in Figure 3 is labeled
both by the pressure and by the equivalent coordinate z, a
function of pressure that approximates altitude; that is, z =
(3 = logyp (p)) X 16 km, where p is pressure in millibars.
The coordinate z rather than p is usually used for registration
comparisons between CLAES and correlative measurements
in this paper. The examples in Figure 3 were selected to illus-
trate some of the better and worse comparisons with ATMOS
and also to facilitate discussion below that is related to trends
that are observed in the south midlatitude from April 1992 to
April 1993. These 17 single-profile coincidences occurred on a
latitude band ranging from 31.8°S to 55.5°S with mean value
47.9°S and o =~ 5.6°. For these 17 profiles the average value for
the altitude where the peak vir occurred in the ATMOS and
CLAES profiles was 25.0 = 1.2, and 24.6 * 1.0 km, respec-
tively. The average value for the peak vmr in the ATMOS and
CLAES profiles was 9.55 = 0.7 and 10.25 * 1.3 ppbv, respec-
tively. Some of the variability in the peak vmr of each occurs
due to the variation of the profiles with latitude. The variability
of the difference in peak volume mixing ratios removes latitu-
dinal variation and is 1.02 ppbv, i.e., 11%.

A statistical comparison presenting the mean value of the
normalized difference (CLAES-ATMOS)/CLAES and the
standard deviations of this quantity, which can be interpreted
as a range of variability, are shown in Figure 4a. These statistics
were derived from all profiles that satisfied the coincidence
criteria above, not just those closest in time. Since the altitude
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ATMOS Sunset Observations
May—April 1992 :
Iy
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Figure 4. (a) Mean value of the normalized difference

(CLAES-ATMOS)/CLAES and the standard deviations of this
quantity for the 1992 ATMOS sunset data. (b) Number of
coincident points that contribute to the statistics shown in
Figure 4a at each pressure level.

range of overlap can be quite different for CLAES and AT-
MOS profiles, the number of coincident points that contribute
to the statistics at each pressure level can differ; these are
plotted in Figure 4b. Registration, vmr value at peak, and the
width of the profile all affect the statistics shown in Figure 4.
Because of ATMOS data sparsity the low-altitude (70 mbar
and greater) comparisons are less meaningful. The agreement
is essentially within the range of variability for all points at
higher altitude, except at 7 mbar where the CLAES is less than
ATMOS and slightly outside the range of variability.

The ATMOS-ATLAS 1 tropical sunrise data are limited in
altitude coverage since the Pinatubo aerosol prevented the
near-infrared Sun sensor from acquiring the rising Sun at al-
titudes below about 27 km. Figure 5 shows four representative
examples from 21 single-profile comparisons of CLAES to
ATMOS sunrise in the tropics. Sixteen of these ATMOS pro-
files extended to low enough altitudes to include the altitude
where the peak value of the vmr occurs. These 16 profiles
occurred on the latitude range from 16.7°S to 18.2°N, with
mean latitude 3.0°N and o ~ 9.8°. For these 16 profiles the
average value for the altitude where the peak vmr occurred in
the ATMOS and CLAES profiles was 29.7 = 1.0 and 29.1 +
2.0 km, respectively. The average value for the peak vmr in the
ATMOS and CLAES profiles was 4.9 = 0.7 and 4.2 = 0.6 ppbv,
respectively. The variability of the difference in peak volume
mixing ratios is 0.50 ppbv, i.e., 12%.

A statistical comparison of relative mean differences and
standard deviations of CLAES data with the ATMOS 92 sun-
rise data is shown in Figure 6a. These were derived in a manner
similar to those shown in Figure 4a, and Figure 6b likewise
shows the points from multicoincidences that are contributing
to these statistics at each pressure level. As discussed above,
registration, vmr value at peak, and the width of the profile all
affect the statistics shown in Figure 6. The low-altitude data are
more sparse than for the sunset case and the data are less
meaningful for low altitudes beginning at about 30 mbar. The
agreement is essentially within variability for altitudes above 10
mbar, and CLAES is less than ATMOS by slightly more than
the variability at the 10- and 14-mbar levels.

The ATLAS 2 flight took place from April 8 to 16, 1993,
during a time when the stratospheric aerosol loading from the
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Mount Pinatubo eruption was significantly dissipated by com-
parison with the time the ATLAS 1 data were obtained. No
sunrise events were obtained coincident with CLAES in this
time period because the UARS cold side instruments were
looking to the south and the sunrise ATMOS observations
were obtained north of 34°N. Using the same coincidence
criteria as described above provides 14 individual CLAES ver-
sus ATMOS sunset comparisons. These 14 comparisons were
obtained in a southern midlatitude band ranging from 27.4°S to
49.5°S with mean latitude 42.3°S and o ~ 6.8°. There were
fewer sunset profiles obtained by the ATLAS 2 than by the
ATLAS 1 mission, and these generally were obtained over a
limited altitude range, such that only six of the ATLAS 2
profiles extended down to altitudes low enough to include the
peak HNO; vmr. Representative examples are shown in Figure
7. Considering those six comparisons, the average value for the
altitude where the peak vmr occurred in the ATMOS and
CLAES profiles was 25.6 * 1.4 and 24.7 = 1.3 km, respectively.
The average value for the peak vmr in the ATMOS and
CLAES profiles was 5.8 = 1.5 and 5.4 * 1.6 ppbv, respectively.
The variability of the difference in peak volume mixing ratios is
0.25 ppbv, i.e., 5%.

As described above, a multiple profile statistical comparison
of relative mean differences and standard deviations of CLAES
data with the ATMOS 93 sunset data is shown in Figure 8. It
is interesting to compare these with the ATMOS 92 sunset
obtained in nearly the same latitude band one year previous.
Compared to ATMOS 92 sunset, the ATMOS 93 sunset data
are relatively sparse from 20 mbar on down in altitude. There-
fore these data may not be so statistically meaningful through
the region of the peak vmr values, i.e., 20 to 40 mbar, as are the
ATMOS 92 data. On this range the CLAES data are of the
order of 10 to 15% less than the ATMOS 93 sunset data, where
as on the average, the CLAES data are about the same as the
ATMOS 92 sunset data on this range. Below 40 mbar, vari-
ability becomes quite large in both cases. Above 20 mbar the
comparison is close to similar for both years, with the agree-
ment a little better for the 1992 case.

Inspection of CLAES zonal mean data suggests a decrease
of a factor 1.39 in HNO, vmr near the altitude of the peak vmr
in south midlatitudes (40° to 50°S) in March/April 1993 as
compared with March/April 1992. The question as to whether
this is real or an artifact is brought to mind. The ATMOS
sunset data can be used to examine this question. The com-
parison is sparse because there were only six ATMOS profiles
going to low enough altitudes to include the peak vmr in 1993,
and most of these were obtained in latitude regions closer to
the equator than those obtained in 1992. However, there was
one ATMOS 93 profile obtained at 50.0°S. On comparing this
with four ATMOS 92 profiles obtained at 50.3°, 50.6°, 50.7°,
and 50.8°S, we see an average decrease in peak vmr of a factor
that is approximately (9.8/7.3 ppbv) = 1.34 in ATMOS data
near 50°S on going from 1992 to 1993. In the corresponding
comparison of CLAES profiles near 50°S, decrease is a factor
of about (11.0/7.4 ppbv) = 1.48. Likewise, there is one
ATMOS 92 profile available for 31.8°S, which can be com-
pared with ATMOS 93 profiles at 30.4°, 31.4°, and 32.8°S. For
this comparison near 31°S we see an average decrease in peak
vmr of about (9.5/6.6 ppbv) = 1.44 in ATMOS data on going
from 1992 to 1993, and for the comparison of corresponding
CLAES profiles a decrease of about (8.1/6.0 ppbv) = a factor
of 1.35. These results suggest there may be a strong 1992 to
1993 trend for decrease in the HNOj; in these latitude regions.
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(CLAES—ATMOS)/CLAES

1

ATMOS Sunrise Observc;tions
May—April 1992 ;

Pressure (mb)

100 I SRR R 1
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Mean Relative Difference

100

0 10 20 30 40 50
Number of Cases
Figure 6. As in Figure 4 but for the 1992 ATMOS sunrise

data.

This will be discussed in more detail in section 5.1.1 below.
This discussion will generally argue that a real trend is present
at these latitudes but that the trend in the CLAES V7 is about
5% smaller than the numbers derived here.

Comparison with midlatitude profiles measured by balloon-
borne instrumentation: Comparisons of CLAES data with
the FIRS-2 data are presented in Figure 9 for May 29 and
September 29, 1992, and March 24, 1993. In general, the three
days of comparisons are consistent with one another, with best
agreement near peak vmr attained for the September 29, 1992,
case. The CLAES profiles are within 2° latitude, 6° longitude,
and within 6 hours of the mean time reported for the FIRS-2
data. Considering the three comparison days, for the compar-
ison at altitudes below the peak vmr, the CLAES values are
less than the FIRS-2 values, and error estimates overlap except
for the March 24, 1993, case. Considering the altitude region
near the peak vmr, good agreement is observed for the Sep-
tember 29, 1992, case, but the CLAES data are less than the
FIRS-2 by approximately 20% for the other two cases, which is
outside the error bar limits. The FIRS-2 data point near 33
mbar exceeds the CLAES value there by approximately 1.7
ppbv for the May 29, 1992, case, and the FIRS-2 data point
near 36 mbar exceeds the CLAES value there by approxi-
mately 1.5 ppbv for the March 24, 1993, case. The peak values
vmr decrease by 18 and 13%, respectively, from May 29, 1992,
to March 24, 1993, for CLAES and FIRS-2. On the top side the
FIRS-2 values are consistently larger than the CLAES values.
In one of the three cases (May 29, 1992) it looks as though the
CLAES may be registered too low by about a kilometer. These
three cases taken together suggest CLAES peak vmr system-
atically low, on the average, compared to FIRS-2 by about 0.5
ppbv.

A single comparison with the BLISS data is shown for Au-
gust 26, 1992, in Figure 10. The CLAES profile is within 1°
latitude, 2° longitude, and 1 hour of the mean time and posi-
tion for the BLISS data. CLAES and BLISS agree within the
combined instrumental error estimate limits, i.e., approxi-
mately 1 ppbv near 30 mbar and 0.3 ppbv near 7 mbar. Again,
for this one case, CLAES near peak vmr may be systematically
lower than BLISS by about 0.5 ppbv.

Comparison with data from the SLS instrument is shown in
Figure 11 for September 29, 1992, and April 3, 1993. The
CLAES profiles are within 2° latitude and 6° longitude and 6
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hours of the mean-times and positions reported for the SLS
instrument. The general shape of the two profiles is much the
same. Agreement is achieved within better than the reported
SLS error estimates (approximately 1 ppbv or less at and above
the altitude of the peak mixing ratio and increasing below the
peak mixing ratio to almost 2 ppbv) over the entire profile for
September 29. The same is true for the April 3, 1993, case
except for three points on the top side near 27, 29.5, and 32.2
km altitude that have the look of being registered 2 to 3 km
higher than the corresponding CLAES data. Once again, the
trend is for CLAES to look systematically low in peak vmr by
approximately 0.5 to 1.0 ppbv.

Comparisons of CLAES profiles with data from the MkIV
instrument are shown in Figure 12 for September 15, 1992, and
April 4, 1993. The CLAES profiles are within 2° latitude, 2°
longitude, and 11 hours of the mean times and positions re-
ported for the MKIV instrument. For the September 15, 1992,
case the MKIV sunset peak occurs at about the same altitude
as the CLAES, the sunrise peak about 1.6 km higher. For the
April 4, 1993, case, altitude registration relative to the peak
vmr appears within 0.1 km, with CLAES peak vmr at higher
altitude this time. Considering all three profiles, the vmr agrees
within the relatively small combined estimated instrumental
error for most of the points. In these comparisons the average
CLAES peak vmr is low by about 0.4 ppbv.

A comparison of CLAES versus two Murcray Bomem FTS
profiles obtained July 24, 1992, in a launch from Palestine,
Texas (31.6°N, 259.5°E), and April 8, 1993, in a launch from
Barstow (Daggett Airport), California (35.4°N, 253.7°E), is
shown in Figure 13. The agreement between CLAES and FTS
data is generally good except on the bottom side for April §,
1993.

Comparison with northern winter high-latitude profiles
measured by balloon-borne instrumentation: A series of
comparisons with profiles obtained by the CAESR instrument
near Kiruna, Sweden, is shown in Figure 14. The profiles were
obtained on January 9, March 5, March 12, and March 14,
1992. The CLAES profiles shown for comparison are within 2°
latitude, 1° to 40° longitude, and 8 hours of the CAESR pro-
files. The January 9, 1992, comparison is shown in Figure 14a
and the two instruments agree within the combined estimated
instrumental error for all points above 16 km. This is an ex-
ample of rather unusual profiles but is not too surprising con-
sidering the highly dynamic north winter high-latitude condi-
tions, with potential for further transient perturbation due to
denitrification and sedimentation in air passing through very
cold regions. For example, high latitude in situ HNO; mea-
surements on February 13, 1992, were reported by Spreng and
Arnold [1994] in which the ascending and descending peak vmr
were approximately 7 and 19 ppbv, respectively, and where
ascent and descent were separated by about 200 km. In the
March 5, 1992, comparison the magnitudes of the peak vmr are
very similar even though they occur at altitudes that differ by 2
km. Although the altitudes of the peak vmr are quite different,
the altitude of the local minimum near 22 km is the same in
each data set, and considering the potential effects on the
comparison of small-scale spatial and temporal variability, it is
difficult to judge whether there is a significant difference in the
registration in the two data sets. Next, in the comparison for
March 5, 1992, most of the data agree within the combined
estimated instrumental error. Again, there is a relatively large
displacement in the altitude of the peak vmr, but the very good
top side and bottom side agreement argues that misregistration
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Figure 8. As in Figure 4 but for the 1993 ATMOS sunset
data.

Mean Relative Difference

is not so much a factor in the peak displacement as is variabil-
ity. The March 12, 1992, case provides the best comparison of
the four and suggests that registration is good within a small
fraction of a kilometer and shows agreement with all data
points well within combined estimated instrumental error. The
March 14, 1992, case also shows very good agreement, not
quite so good as the March 12 case. Considering the generally
good and sometimes very good top and bottom side agreement
in all four cases, registration is in agreement to 1 km or better
and within variability. Averaging the four cases, the CLAES
peak vmr is 12.0 = 0.9 ppbv and is larger than the average
CAESR peak vmr by 7 = 10%.

Data from the MIPAS-B instrument for January 12-13 and
for March 14-15, 1992, are compared with CLAES profiles in
Figure 15. The latter case is shown in Figure 15a. The CLAES
profile estimated to be closest to tangent point location of the
MIPAS-B measurement and viewing in the same direction was
used for the comparison. The agreement is within the com-
bined estimated instrumental error for all but the highest-
altitude points. The CLAES may be registered high, but it is
difficult to be conclusive due to data sparsity. There were no
CLAES data obtained on January 13, but data from January
12, when CLAES data were obtained for only a partial day
prior to closing the telescope door in preparation for the space
craft yaw around, with selection criteria as for the March com-
parison, are shown in comparison with the MIPAS-B data in
Figure 13b. This is a good comparison considering the 1-day
time delay between measurements and that the time period,
coincident with the beginning of breakup of a stratospheric
warming, was even more disturbed than usual for north high-
latitude winter conditions. However, because of the time delay
this comparison will be considered less meaningful for quan-
titative evaluation in the subsequent discussion.

Summary of comparisons with correlative profiles: The
results for registration and vmr comparison at 70 mbar, the
altitude of peak vmr and 10 mbar are summarized in Table 2.
Registration versus the balloon profiles and the ATMOS 92
sunset case is within 0.4 km. The registration offset is larger for
the ATMOS 92 sunrise and ATMOS 93 sunset cases, but as
mentioned above, very few of these were processed to a low
enough altitude to be used for registration purposes. Good
peak vmr agreement is achieved in all cases. The CLAES

KUMER ET AL.: CLAES HNO; V7 DATA

values tend to be less than correlative for cases where the
CLAES peak vmr is approximately =8 ppbv. In all these cases,
namely, ATMOS 92 sunrise, ATMOS 93 sunset, and midlati-
tude balloons, agreement within variability is just missed. Con-
versely, for CLAES peak vmr approximately =10 ppbv, the
tendency is for the CLAES values to be slightly larger than
correlative but to agree within variability. At both 70 and 10
mbar the CLAES vmr agrees within variability with the balloon
measurements. Agreement within variability is achieved in
three of five ATMOS cases. The variabilities are larger than in
the case of the balloon comparisons. As shown in Figures 4, 6,
and 8, from 10 to 3 mbar, the large majority of the data points
from midlatitude balloons agree within the combined instru-
mental error estimate and the majority of comparisons with
ATMOS within variability. There were five midlatitude balloon
profiles down to 100 mbar and, on the average, CLAES was
less by 24 =+ 35%. None of the midlatitude profiles went lower
than 119 mbar. At high latitude, three of the four CAESR
profiles went down to 100 mbar and there CLAES was less, on
the average, by 33 = 10%. The CLAES profiles obtained for
comparison with the MIPAS-B were in such disturbed condi-
tions that retrieval below 70 mbar was not meaningful, which is
indicated by the large error bars there, as shown by Figures 15a
and 15b.

3.2.2. Comparison with LIMS zonal mean vmr. Al-
though CLAES and LIMS occurred 13 to 14 years apart, there
are some useful things to learn by comparing the two data sets
on a zonal mean basis. Figure 16 is shown to compare zonal
means from four polar winters: CLAES January 10, 1992, in
Figure 16a; CLAES January 5, 1993, in Figure 16b; LIMS
January 10, 1979, in Figure 16¢; and CLAES July 10, 1992, in
Figure 16d. First addressing the north winter cases, the general
structure of the three zonal means is very similar, with some
differences, and with some striking year-to-year differences.
The CLAES has more HNOj, than the LIMS in both cases near
the north pole, and particularly so in the 1993 case. Similarly,
the CLAES seems registered to generally lower altitude (=40
mbar) in the high-latitude north than LIMS (=30 mbar). The
LIMS and CLAES 93 show a prominent positive horizontal
gradient poleward from about 50°N at altitudes near 10 mbar,
and above. There is just a hint of this in the CLAES 92. Finally,
at the altitude near peak vmr the CLAES 92 has about 30 to
60% more HNOj; in the region from the equator to 32°S than
the LIMS or CLAES 93. The latter pair look very similar
through this region.

The CLAES July 10, 1992, in Figure 16d provides a classic
example of south polar winter HNO; depletion due to freeze-
out on PSCs. There is a large maximum in the so-called collar
region near 62°S and at 30 mbar that is unique to the south
polar winter. Similar to the CLAES 93 and the LIMS, it shows
a prominent positive horizontal gradient poleward from about
50°S at altitudes near 10 mbar and above. In the region from
the equator to 32°N it more closely resembles the relatively
enhanced CLAES January 10, 1992, equator to 32°S case than
the other two north polar winter examples.

Figure 17 is shown to compare zonal means for early south-
ern autumn conditions, just past equinox, for three cases:
CLAES April 1, 1992, in Figure 17a; LIMS April 4, 1979, in
Figure 17b; and CLAES April 6, 1993, in Figure 17c. Again,
the general structure of the three zonal means is very similar.
A notable difference for both the January and the April com-
parisons, however, is that the top side and bottom side vertical
gradients are steeper than LIMS. Consistent with discussion
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Figure 9. Comparisons of CLAES and FIRS-2 data for three midlatitude profiles for May 29, 1992,
September 29, 1992, and March 24, 1993.
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Figure 10. Comparisons of CLAES and BLISS data for a midlatitude case on August 26, 1992.

above, the CLAES 92 has considerably more HNO; in the
southern hemisphere (=12 ppbv peak vmr at 64°S as compared
to slightly >9 ppbv there for LIMS and slightly <9 ppbv there
for CLAES 93, for example). Next, at 32°N the CLAES 92
peak vir (>6 ppbv) is the largest of the three cases, the LIMS
79 is intermediate (~6 ppbv) and the CLAES 93 is least (>5
ppbv), but these contrasts are small compared to the southern
hemisphere. These April cases are also useful in that they
correspond to time periods when ATMOS data were obtained
in 1992 and 1993. As discussed above, the April 1992 to 1993
trends noted in the CLAES data were corroborated, by the
ATMOS data.

These comparisons show that except for some details, as
discussed above, the CLAES and LIMS zonal means are gen-
erally similar. It is seen that except for north middle and high
latitudes, there is a significant decrease in the HNO; observed
by CLAES from 1992 to the corresponding time in 1993. In
these cases the LIMS much more closely resembles the
CLAES 1993 cases. Polar winter enhancements above 10 mbar
and from 50° poleward are seen to occur quite prominently in
three of four cases and also to a much lesser extent in the north
CLAES 92 case.

4. Error Estimation Based on Instrument
Characterization

In estimating errors associated with the retrieval of HNO,
the approach was to take the estimated errors in the measured
and calculated atmospheric spectral radiances and apply them
to an altitude dependent profile relating percent error in
HNO; to vmr percent radiance error. This latter relationship is
found empirically by determining the sensitivity of the re-
trieved HNO; vmr to changes in the input radiance to the
retrieval algorithm. Estimated errors in the vertical location of
the detector footprints at the Earth limb are translated into
approximate HNO; vmr errors using climatological HNOj, ver-
tical profiles. In the discussion below we first provide estimates
for radiance errors, then summarize the resulting errors in
retrieved HNO; vmr in Table 3.

4.1. Systematic Errors

The primary sources of systematic error are as follows:

4.1.1. Radiometric calibration. This has been discussed
in numerous references [Roche et al., 1993a], including a dis-
cussion [Sterritt et al., 1990] of the design and prelaunch char-
acterization of the onboard blackbody calibration source
(OBCS), and a paper discussing the details is in preparation.
Briefly, the OBCS is an aperture size blackbody calibrator that
is mounted on the inside of the CLAES door. When the door
is closed, the OBCS fills the instrument FOV, and CLAES is
operated in the radiometric calibration mode. In this mode,
blackbody calibrator data are taken on every other 65 s UARS
repeat cycle in an operation that is identical with that of the
CLAES nominal science mode. CLAES radiometric calibra-
tion parameters are obtained by a least squares fit of count rate
to blackbody radiance as the door-mounted OBCS cools to
equilibrium each time the door is shut. About 24 hours is
required to cool to equilibrium. The calibration data obtained
in this way for the 50 spectral channels utilized by the CLAES
science mode for the 20 detectors are used to derive calibration
parameters for each combination of detector and spectral
channel. In operation the calibration data were obtained when
the instrument telescope aperture door was closed for each
spacecraft yaw and also when it was closed for 1 to 2 days
halfway between the yaws for the purpose of calibration.

When the door is open, the calibrator equilibrates at 245 K,
and when the door is closed, the calibrator cools down to
equilibration of the order of 150 to 160 K, depending on the
solar beta angle. However, early in the mission when the cryo-
gen was colder than its equilibrium temperature, this number
was more like 145 K. The Earth-limb radiance at the higher
altitudes for some of the longer-wavelength channels is less
than radiated by the blackbody even at its coldest tempera-
tures. In this case, the quantitative behavior of the detectors at
low-radiance levels encountered at the shorter wavelengths
was used to construct a detector characteristic curve that could
be used to extrapolate to optimal calibration for the long wave
channels for the low-radiance case.
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Figure 11. Comparisons of CLAES and SLS data for two

midlatitude cases on September 29, 1992, and April 3, 1993.

Uncertainty in the determination of spectral radiances from
this source involves (1) biases in the OBCS temperature as
determined from five platinum resistance thermometers
(PRTs), (2) errors in the knowledge of the absolute emissivity,
(3) offsets in the electronic zero-photon level, (4) uncertainty
in foreoptics thermal emission, and (5) the use of a detector
“characteristic responsivity curve” fitting technique to provide
responsivities for atmospheric radiances below the minimum
(coldest) OBCS radiance. As discussed by Sterritt et al. [1990],
temperature and emissivity uncertainties in the 879 c¢m™!
HNO; spectral channel amount to approximately 1% RSS
radiance error at the OBCS coldest temperatures. Offsets in
the electronic zero-photon level and uncertainty in foreoptlcs
thermal emission combine for 2 X 107> W ecm 2 sr™! cm™
The other uncertainties listed above are mainly of interest in
this wavelength region for higher-altitude low-radiance condi-
tions where there is little or no sensible HNO;. The RSS of all
radiometric calibration radiance errors is estimated to be of
the order of 1, 1, 1.7, and 28% at 70, 30, 10, and 3 mbar,
respectively.

4.1.2. Uncompensated drift in radiometric calibration.
As noted previously, radiometric calibrations were performed
approximately every 2 weeks throughout the lifetime of the
mission. Inspection of these data typically shows less than 1%
system responsivity change from calibration to calibration, al-
though over periods of many months the responsivity can drift
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by as much as 7% in a particular direction. For the V7 software
that was used in the retrieval of the data discussed here, this
drift was compensated for all days prior to August 10, 1992. All
data obtained beyond this point, however, were calibrated us-
ing the August 10 parameters, uncompensated for drift. In the
next version of the retrieval software the calibrations through
the remainder of the mission will be incorporated, thereby
providing drift compensation for data obtained beyond August
10, 1992. However, in the V7 data this artificial contribution to
apparent trend is present. For the CLAES instrument HNO;,
retrieval channels near 879 cm ~! the uncompensated drift is
small in the period from August 10, 1992, to January 7, 1993,
with system responsivity decreasing approximately linearly over
that period by 0.6%. In the period from January 7 to April 4,
1993, the system responsivity continues to decrease, approxi-
mately linearly, from 0.6% to a maximum of 3.7%. This is fol-
lowed by recovery to the August 10, 1992, value by April 24, 1993.
The vmr is biased low by a maximum that corresponds to the
maximum decreased uncompensated responsivity of 3.7% by ap-
proximately 6.3, 5.2, 3.7, and 3.7% at 70, 30, 10, and 3 mbar.

4.1.3. Instrument characterization. This includes (1) ab-
solute wavelength calibration, (2) spectral transmission func-
tion, (3) spectral dispersion along the array vertical extent, (4)
detector spatial responsivity, (5) optics out of field stray light
rejection, and (6) in-field scattering (optical cross talk). James
et al. [1988] discuss the design and prelaunch characterization
of the CLAES solid Fabry-Perot etalons, and Mergenthaler et
al. [1990] and Kumer et al. [1990] discuss aspects of the design
and prelaunch characterization of the blocking filters. Infor-
mation on the absolute wavelength calibration and the effec-
tive spectral transmission function can also be deduced from
on-orbit spectral scans of specific emission features, and limits
on off-axis and in-field scattering can be deduced on orbit from
high-altitude and “cold space” radiance measurements.

1. From prelaunch and on-orbit analysis we estimate an
uncertainty of 0.01 cm™' in the absolute spectral calibration
which results in a relatively small radiance error of <0.6%.

2. Similarly, we estimate an uncertainty of 0.0075 cm ™' in
the spectral function width which represents a 3% error in the
nominal 0.25 cm ™! etalon function full width at half maximum.
The error has some covariance between the measurement of
atmospheric spectra and the measurement of the near-
continuumlike radiance from the OCBS especially for quasi-
continuum atmospheric emitters such as aerosol and CFCI3,
and in the wings of overlapping lines. This would tend to
reduce the effective radiance error associated with the spectral
function uncertainty in these situations. However, for the pur-
poses of comparing estimated systematic error with that in-
ferred from correlative measurements we will assume the max-
imum error of 3% for the purpose of this estimation.

3. Array dispersion effects contribute less than 1% radi-
ance error.

4. Detector uniformity contributes from 3% at the lowest
surface to 0.5% at higher altitudes.

5. Array cross talk contributes less than 0.2% at lower
altitudes, increasing to 0.4% near 10 mbar and approaching
1% near 3 mbar.

The RSS of all instrument characterization radiance uncer-
tainties is estimated to be in the range 4.5 to 3.3% between 100
and 0.46 mbar.

4.1.4. Spectral parameters. The parameters used in the
CLAES V7 HNOj; retrieval are a hybrid of the HITRAN92
lines [Goldman and Rinsland, 1992] and recent improvements
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Figure 13. Comparisons of CLAES and D. U. Bomem FTIR data for two midlatitude cases on (a) July 24,

1992, and (b) April 8, 1993.

[Goldman et al., 1994]. By use of these most recent lines [Gold-
man et al., 1994] achieved better agreement with atmospheric
data than had been achieved previously with the HITRAN92
lines, including improvement in the g branch, the dominant
HNO; CLAES channel. EGA coefficients had been produced
for the CLAES HNO; region initially by using the HITRAN92
lines. These were available prior to going into V7 production
but did not incorporate the new spectral parameters, or ad-
dress the exact CLAES sampling spectral positions. For the
purpose of V7 these were improved in spectral signature by
using a set of scaling factors relative to the g branch that were
derived from FASCODE limb radiance calculations using old
and new lines and corrected for the sampling positions. The
g-branch EGA coefficients were unchanged. The combined
band strength of the OLD parameters, used for V7, for the vy
and 2v, lines, including hot bands, was 2.57 X 107! cm™’
atm ™. The most recent lines [Goldman et al., 1994] have been

scaled to the [Giver et al., 1984] band strength of (2.59 = 0.13)
X 107" em™! atm™! and divided by 1.30 to correct for the
omission of hot bands in the new data. The CLAES g-branch
channel dominates the CLAES HNOs; retrieval. In it the ab-
solute value of the sum of the old line strengths is about 10%
greater than the sum of the new line strengths due to the
modified overall spectral signature of the new lines. Compar-
ison of g-branch channel curves of growth for the old and new
parameters suggests that V7 values are biased too low by about
10% in optically thin regions and by as much as 25% in the
optically thickest regions. How this bias may impact correlative
comparison with the CLAES HNO; V7 data product is dis-
cussed below. Apart from the bias, there is also about 5%
uncertainty in absolute band strength, as discussed above.
4.1.5. Atmospheric temperature determination. Any sys-
tematic error in the retrieval of atmospheric temperature will
appear in the forward radiance model as an error in the cal-
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Figure 14. Comparisons of CLAES and CAESR data for four high-latitude northern winter cases on (a)
January 9, 1992; (b) March 5, 1992; (c) March 12, 1992; and (d) March 14, 1992.

culation of the HNO; radiance. The sensitivity of the radiance
error to temperature uncertainty depends on the mean atmo-
spheric temperature at the measurement altitude. CLAES-
retrieved systematic temperature errors vary from about 1.9 to
2.3 K in the 100- to 0.46-mbar range [Gille et al., this issue]
which results in HNO; radiance errors of the order of 3 to 4%
for a relatively warm atmosphere of ~290 K and radiance
errors of the order of 8 to 9% for a relatively cool atmosphere
of ~190 K.

4.1.6. Forward radiance model. This primarily involves
radiative transfer approximations, treatment of line overlap
and mixing, and calculation of EGA table coefficients. Errors
are estimated by comparing the forward model results with
rigorous line-by-line code calculations, and the order of a 1%
systematic radiance error is found.

Table 3 below provides percent systematic error estimates in
retrieved HNO; volume mixing ratios from these various ef-
fects for four pressure levels. The two known biases discussed

above are not included in Table 3. These are that (1) the older
HNO; HITRANDO?2 lines were used in producing V7 and (2)
the uncompensated drift in radiometric calibration commenc-
ing August 10, 1992.

As seen from Table 3, the estimated systematic errors in
HNOj;-retrieved mixing ratio are dominated by uncertainties in
spectral parameters, retrieved temperatures, and spectral re-
sponse function, with small contributions from the other
sources. It is interesting to compare these estimates with the
biases identified in the correlative data comparisons, as sum-
marized in Table 2. The estimates are consistent within at least
a factor of 2 with the observed biases near the peak vmr. At 70
mbar the estimates and observed biases for the balloon profile
comparisons are consistent. At 10 mbar only the CAESR bi-
ases, limited to two profiles, are consistent with the estimates.
As pointed out in the text above, the differences between V7
and the correlative data have, for the most part, been within
the combined error estimates of the instruments, or the vari-
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Figure 14.

ability of multiple measurements. Correcting for the bias low
due to V7 spectral parameters would generally improve the
agreement for cases of peak vmr approximately =8 ppbv in
which the CLAES V7 values are generally smaller than the
correlative values. However, in the cases where peak vmr are
of the order =10 ppbv the CLAES V7 are usually about the
same or slightly larger than the correlative data, and the spec-
tral parameter correction toward larger CLAES values would
not be expected to improve the agreement. This is an issue that
will receive careful attention in the development of future and
improved software for HNO; retrieval.

4.2. Random Errors

4.2.1. Data-derived and algorithmic precision estimates.
A repeatability, or precision estimate, may be derived from the
retrieved data, independently of the precision estimates that
are generated by the preliminary algorithm that is in place in
the V7 production software (SW). The technique is described
by Rodgers et al. [this issue] and exploits the close (=100 min)

12 14 -1.0 -05 00 05 1.0
Fractional Difference
(continued)

time coincidence of the crossing of the ascending and descend-
ing limb-viewing track intersects near the midlatitude turn-
around. The technique produces a quantity that is probably
better interpreted as repeatability. It is pessimistic compared
to actual instrument repeatability since it includes atmospheric
variability in addition to instrument effects. The upper limit on
instrument precision is related to the root-mean-square (RMS)
of the differences of the retrieved quantities at this crossing
point averaged over a number of days. The periods used for
this study included January 9-11, April 15-20, August 8-11
and 25-30, 1992, and January 3-5, and April 1-3, 1993.

The results are shown in Figure 18. For comparison pur-
poses the embedded V7 SW error estimates averaged around
the zone at 32°N, or 32°S as appropriate, are shown in Figure
19. It is seen that the precisions as derived from the turnaround
data and the production SW error estimates are roughly com-
parable. The former are typically somewhat the larger of the
two below approximately 10 mbar, but the latter can be con-
siderably larger above 10 mbar. Based on the larger values
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Figure 15. Comparisons of CLAES and MIPAS-B data for two high-latitude northern winter cases on (a)

January 12-13, 1992; and (b) March 14-15, 1992.

from the embedded errors near 3 mbar, and the larger values
from the turnaround analysis near 70 mbar, we estimate pre-
cision on the range from 70 to 3 mbar to be of the order of 0.3
to 1.0 ppbv. In the altitude range above 2 to 5 mbar both types
of error estimates approach or exceed 100%.

4.2.2. Random error estimates based on instrument and
retrieval characterization. The primary sources of random
error are as follows:

Radiometric calibration: The main contributors to ran-
dom error in the onboard calibration process involve the re-
peatability of the PRTs that are used for measuring instrument
component temperatures and associated electronics and a
long-term drift in the OBCS emissivity. For the HNO; case,
these uncertainties amount to approximately 1.1% RSS radi-
ance error at the OBCS coldest temperature.

Instrument effects: The primary instrument contributors
to random errors in the measured radiances involve repeat-
ability in the angular (i.e., spectral) positioning of the Fabry-

Perot etalons and detector/signal processing electronics noise.
Prelaunch measurements of the angular repeatability showed it
to be better than 0.03°, and a similar value was inferred from
observations of scatter in the shape of the on-orbit spectral
modulation curves obtained during OBCS calibrations. For the
HNO; spectral channels this results in a random error of less
than 1% in radiance. Instrument radiance noise is character-
ized as the noise equivalent spectral radiance (NESR) in units
of W em™2 sr™! ecm™!. This is defined as the input spectral
radiance at the instrument aperture required to give an output
(counts, volts) equal to the system noise for a specific integra-
tion time (7). The NESR has a specific value for each of the
20 CLAES detectors and 50 narrowband spectral channels,
including the four channels shown in Table 1 above for HNO;
retrieval. The best measure of the effective NESR is obtained
by looking at the variance of a large number of science mode
(“mode 17) spectral profiles obtained when the instrument was
rolled up to look high above the atmosphere into the cold
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Table 2. Summary of Profile Comparisons With Various Correlative Data Sources

BIAS =+ VBIAS Unless Otherwise Noted

Correlative Source N, Note 2.y = 8Z ACPV 70 mbar Peak vmr 10 mbar
ATMOS 92 sunset 17 a -04x11 10.25 —55 + 60 7x11 —40 * 40
ATMOS 92 sunrise 21 b -07x18 4.2 -15+12 -30=20
ATMOS 93 sunset 14 -08=*13 5.4 —60 = 40 -7x5 —45 =20
Midlatitude balloons 11 c -0.4 +0.7 7.5 -17+23 -6*4 -25+14
CAESR 4 d 0.0=x1.0 12.0 0x16 7+10 75+175
MIPAS-B 2 e, f 9.95 —20 and —20 —1and -5 80 and —10

N,, is the number of profiles available from a given source of correlative data. The averaged offset in registration Z,., in kilometers is negative for
CLAES registered lower that the correlative profiles, and its 1o- measurement variability is 8Z. ACPV is the average value of the CLAES peak vmr in
parts per billion by volume averaged over N, comparisons. BIAS is the percent difference of the CLAES vmr less the correlative vmr averaged for N,
comparisons. VBIAS is the measurement variability in BIAS. Note a, ATMOS results for 70 and 10 mbar were taken from Figures 4, 6, and 8; note
b, data were too sparse for comparison with ATMOS 92 sunrise at 70 mbar; note c, just 6 of 11 midlatitude balloon profiles extended down to 70 mbar;
note d, 2 of 4 CAESR profiles extended up to 10 mbar; note e, MIPAS-B data point density versus altitude are too sparse to support statistics on Z,,;

note f, percent difference (CLAES vmr — MIPAS-B vmr) for January and March cases are presented for all three pressures.

space region of very low radiances. Using the mode 1 radiance
ensures that the identical spectral positions, dwell times, and
integration times are obtained as those used when viewing the
atmosphere and obtaining the science measurements. Further,
these roll-up radiances are conditioned in an identical manner
to those used in the retrieval of atmospheric parameters, par-
ticularly with respect to the reduction of a quasi-sinusoidal
low-frequency artifact (“ripple”) seen in the electronics dark
noise output. For the 20 detectors times four spectral positions
used in the retrieval of HNO, in the 879 cm™' channel the
array average NESR as seen in the roll-up data lies in the range
from 2.3 to 16.4 X 107" W cm ™2 st~ ! cm™'. We will use the
slightly pessimistic value 10 X 107" W ecm 2 sr™' ecm™! to
facilitate the random error estimation discussion.

CLAES ZONAL MEAN HNO3 (P7) 01-10-92

Vertical smear: During observations a combination of ran-
dom error in the positioning of LAAM and spacecraft jitter
due to array thermal snap results in a vertical jitter of approx-
imately 92 m. The resulting error in mixing ratio will be de-
pendent on the vmr vertical gradient of the species whose line
radiances are being observed. For the CLAES HNO; we will
use the pessimistic scale height value of 6 km which gives the
random vmr error of the order of 2%. Note that near the
altitude of peak vmr the radiance error will be much less than
this.

Horizontal gradients: Random errors due to line of sight
gradients in the viewed radiances were investigated by looking
at the sensitivity of the retrieval algorithm to induced gradi-
ents, leading to an estimate of the order of 1% equivalent
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radiance error in relatively benign conditions as encountered
in low midlatitudes and in the tropics. The number can be as
large as 10% however for extreme conditions such as viewing
parallel as compared to viewing perpendicular to PV contours
on the edge of the vortex. The benign number applies for most
data and is the one used for the overall estimates, as summa-
rized below in Table 4.

Atmospheric temperature determination: CLAES-re-
trieved random temperature errors vary from about 0.6 to 0.8
K in the 100- to 0.46-mbar range [Gille et al., this issue] which
results in HNO; radiance errors of the order of 2%. Table 4
provides percent random error estimates in retrieved HNO;
volume mixing ratios from these various effects for four pres-
sure levels.

It is interesting to compare the estimated random error, or
precision in the CLAES HNO; retrieval as shown in Table 4
with the repeatability as shown in Figure 18 that is derived
from observed variances in the retrieved HNO; at the sub-
tropic 32°N and 32°S latitude turnaround points. For the six
cases shown in Figure 18 the estimate at 70 mbar is optimistic

KUMER ET AL.: CLAES HNO; V7 DATA

by about a factor of 2. At 30 and 10 mbar the estimate is about
the same as the turnaround numbers, or slightly pessimistic. At
3 mbar the estimate is similar to what is seen in four of the six
cases, and optimistic by about a factor of 2 for the two cases,
August 8-11, 1992, and April 1-3, 1993.

5. Data Usage, 1992-1993 Trend Discussion and
Usage Caveats

5.1.

Trends in data sets may indicate important physical and
chemical atmospheric processes and therefore when these are
noted in the data set, as is the case for CLAES HNO;, there
should be comparisons with available correlative data, and
some study of candidate trend mechanisms, to verify that the
observed trends and their characteristics, are reasonable.

5.1.1. 1992 to 1993 trends in the profile comparisons. In
the comparisons with the ATMOS 92 and 93 sunset data that
were obtained in consecutive years at almost the same time of
year and place, as discussed in section 3.2.1, similar trends were
noted in both the CLAES and the ATMOS data. Near 50°S,
several profiles were obtained nearly coincident with ATMOS
in the April time frame in 1992 and 1993, and these gave a
trend ratio of peak vmr from 1992 to 1993 in the CLAES data
of 1.48 (i.e., a 48% decrease in peak vmr from 1992 to 1993)
and in the ATMOS data of 1.34. Similarly, near 31°S the
CLAES and ATMOS 1992 to 1993 trend ratios were 1.35 and
1.44, respectively. As discussed above, the CLAES April 1993
peak vmr must be adjusted upward by about 5% to account for
the uncompensated drift in radiometric calibration. This re-
duces the apparent CLAES trend ratios at 50°S and 31°S to
1.41 and 1.28, respectively. These agree well with the ATMOS
trend ratios in the sense of the trend, decrease from 1992 to
1993, and quantitatively within the data variability.

As discussed in section 3.2.1, among the comparisons with
correlative data obtained by balloon-borne sensors, only the
FIRS-2 provided cases nearly a year apart on May 29, 1992,
and March 24, 1993. Seasonal behavior would predict an in-
crease in peak vmr from May 29, 1992, to March 24, 1993, but
an actual decreasing trend ratio of peak vmr from 1992 to 1993
of 1.13 and 1.18 were noted in the FIRS-2 and CLAES data,
respectively. Accounting for the uncompensated drift would
adjust the CLAES to about 1.12.

5.1.2. 1992 to 1993 trends in the zonal mean vmr compar-
isons. The January 1992 and 1993 CLAES zonal means in
Figure 16 show ratios of peak vmr from 1992 to 1993 of the
order of 1.33, 1.42, 1.04, 1.05, and 0.84 at 32°S, 0°, 30°N, 60°N,

Trend Discussion

Table 3. Systematic Error Estimates in HNO; vmr

Pressure, mbar

Error Source 70 30 10 3

Radiometric calibration 1.8 14 1.9 4.5
Spectral calibration 1.1 0.8 0.6 0.6
Spectral response function 4.8 42 3.0 3.0
Array spectral dispersion 1.8 1.4 1.0 1.0
Detector spatial response 0.9 0.7 0.5 0.5
Optical cross talk 0.4 0.3 0.4 1.0
Spectral parameters 8.5 6.5 5.0 5.0
Temperature sensitivity 10.0 8.0 5.0 4.0
Forward radiance 1.8 14 1.0 1.0
RSS of errors 14.4 11.5 8.1 8.6
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and 76°N, respectively, on adjusting for uncompensated drift in
radiometric calibration. The trend to decrease from 1992 to
1993 is very evident near the equator and in the south, is weak
at most in the north midlatitudes, and is reversed at the highest
north latitude. The LIMS is much more similar to the 1993
case indicating that of the January 3 cases, CLAES 1992 is the
exception. This is true too for the April (selected to be coin-
cident with CLAES/ATMOS comparisons) comparisons with
LIMS shown in Figure 17. Here the ratios of peak vmr from
1992 to 1993 are of the order of 1.36, 1.37, 1.45, 1.69, and 1.09
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at 65°S, 50°S, 30°S, 0°, and 32°N, respectively, on adjusting for
uncompensated drift. For 50°S and 31°S these trends compare
well with those derived from profiles coincident with ATMOS
data, for both CLAES and ATMOS. It should be noted that
the values 1.04 for the 30°N January trend ratio and 1.09 for
the 32°N April trend ratio are both smaller than the CLAES
1.12 trend ratio derived from comparisons of profiles coinci-
dent with the FIRS-2 and the FIRS-2 1.13 trend ratio. In this
comparison, more weight should be given to the zonal mean
trends because these are less affected by longitudinal variation
than are individual profiles; however, daily zonal means are
subject to day-to-day variation. This variation in zonal mean
columns is evident in data that are discussed in the following
subsection.

5.1.3. Trends in HNO; columns. Integrated HNO; col-
umn data obtained at the Lauder, New Zealand, site (45°S,
170°E) from June 1990 to December 1993 have been reported
by Koike et al. [1994] and Jones et al. [1994]. These show a clear
trend of decrease over the set of CLAES V7 processed days. In
discussion below, the data from Koike et al. [1994] are desig-
nated by KCD. For comparison the CLAES zonal mean HNO;
column at 44°S and 48°S are shown in Figure 20. The CLAES
data are plotted versus the day from the launch of the UARS,
i.e., UARS days. For reference the UARS day 112 corresponds
to January 1, 1992, and UARS day 478 to January 1, 1993.
Over the CLAES mission lifetime there are seven south-
looking periods (SLP) such that data at 44°S and 48°S could be
obtained. Those seven SLP, the average value (AC) of the
CLAES HNO; column for those periods for 44°S and 48°S,
and the corresponding KCD values of AC (estimated at the
middle of each SLP by inspection of Figure 1 in that publica-
tion) are presented in Table 5. The CLAES values are in
reasonable agreement with KCD and, in particular, show a
similar large enhancement [Jones et al., 1994] over the seasonal
norm. Deseasonalized CLAES column trend ratios can be
calculated for SLP 1 to 6 since these are spaced by approxi-
mately one year, as are the SLP 2 and 7. Note that CLAES data
obtained past UARS day 582 were not included in SLP 7 due
to difficulties in spacecraft operations on days 583 through 587,
and some reservations as to the V7 calibration procedure for
the south-looking days 588 through 590 following those diffi-
culties, and prior to door close on 591 in preparation for the
yaw maneuver. The CLAES 1992 to 1993 column ratios, ad-
justed for the uncompensated drift in radiometric calibration,
at 44°S and 48°S, i.e., the ratio of AC for SLP 1 to AC for SLP
6, are both 1.04 * .03, and for the KCD it is estimated to be of
the order of 1.06 + 0.7. For the SLP 2 to 7 column trend ratios
the adjusted CLAES values are 1.20 += 0.06 and 1.25 = 0.06,
respectively, and the KCD ratio is estimated to be 1.11 = 0.09.
Considering the variability, the CLAES and KCD trend ratios
agree for both the SLP 1 to SLP 6 and the 2 to 7 comparisons.
These decreasing trends in the CLAES column are not so large
as is noted in peak vmr from profile and zonal mean compar-
isons above, perhaps an indication the trend may be weaker at
altitude below the peak vmr, which has more influence on the
column.

To compare the corresponding north midlatitude trends in
the period of CLAES V7 processed data, the zonal mean
HNO; column at 44°N and 48°N is shown in Figure 21. The
north-looking periods (NLP) are listed in Table 6 as are the
corresponding AC and VC. Deseasonalized column trend ra-
tios can be calculated for NLP 1 to 6 since these are spaced by
approximately one year, as are the NLP 2 and 7. For 1 to 6 the
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Table 4. Random Error Estimates

Pressure, mbar

Error Source 70 30 10 3
Radiometric calibration 5.0 2.7 1.7 1.7
Spectral calibration 4.5 2.5 2.0 2.0
Cold space NESR 03 0.3 2.0 14.0
Vertical smear 2.0 <2.0 2.0 2.0
Horizontal gradients 4.5 2.5 2.0 2.0
Atmospheric temperature 9.0 5.0 2.0 2.0

RSS of errors 123 6.7 48

Percent HNO; volume mixing ratio.

values are 1.05 = 0.04 and 1.05 = 0.05 at 44°N and 48°N,
respectively. For 2 to 7 the values are 0.94 + 0.06 and 0.91 =
0.07 at 44°N and 48°N, respectively. Thus consistent with the
zonal mean vmr comparisons there is no clear trend of de-
creasing zonal mean HNO; column in the north midlatitudes
during the period of CLAES V7 processed data. Note too that
the north winter variabilities are somewhat larger than in the
south, probably due to more active winter dynamics in the
north.

Another HNO; column data set [David et al., 1994] obtained
from Mauna Loa, 19.51°N, in the time period mid-October
1991 to mid-October 1993 has recently been published. In this
2-year time period the column decreased by 30%. In the dis-
cussion below, the data from David et al. [1994] are designated
by DCD. The zonal mean averaged CLAES HNO; column at
20°N and the DCD are plotted together on the shorter subset
period of CLAES V7 processed data in Figure 22. There is
good agreement in the two data sets. One year separates the
period from January 9 to April 15, 1992 (UARS days 120 to
217, henceforth designated as MLP 1) at the beginning of the
CLAES V7 processing period from the period January 9 to
April 15, 1993 (UARS days 486 to 582, henceforth designated
as MLP 2) at the end of the CLAES V7 processing. Since MLP
1 and 2 are spaced by approximately one year, the ratio of the
AC for those two periods, 1.06 = 0.04, provides a deseasonal-
ized trend from February 26, 1992, the midpoint of MLP 1, to
February 26, 1993, the midpoint of MLP 2. The corresponding
deseasonalized trend ratio for MLP 1 to 2 for the DCD is 0.99
*+ 0.13, consistent with the CLAES value. This obviously sta-
tistically significant, deseasonalized 6% HNO; decrease at
20°N during the 1-year period February 26, 1992, to February
26, 1993, is considerably slower than the average value of 15%
per year that occurred in the 2-year time period from mid-
October 1991 to mid-October 1993 as derived from the DCD
in that time period. The corresponding trend ratio for the end
of February 1992 to end of February 1993 derived from the
20°S CLAES column data is 1.24 * 0.08. These results for the
20°S-20°N asymmetry in the decrease in HNO; column during
the period of CLAES V7 processed data are generally consis-
tent with what is seen in the 44°S and 48°S-44°N and 48°N case
in that the column trend ratios are in the same sense as the
corresponding peak vmr trend ratios but are not quite so large.

A summary of the global deseasonalized averaged zonal
column trend ratios is given in Table 7 below. It is seen that in
the period of CLAES V7 processed data the deseasonalized
trend for decrease in HNO; from 1992 to 1993 is very clear and
distinct in the southern hemisphere. It is not so in the north
middle to high latitudes and, in fact, it is increasing, especially
in that the NLP 1 consists of only 3 days and a partial day, and
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therefore the comparisons of the NLP 2 to 7, which indicate
increasing HNOj, should carry more weight than the comparisons
of NLP 1 to 6 that indicate a small to moderate decrease. Where
there are correlative data, trends in these are consistent with the
CLAES trends for the time periods that are addressed, as was the
case with the profile comparisons discussed above.

5.2. Trend Mechanisms

Credible trend mechanisms increase confidence in the data.
The heterogeneous conversion of N,Os to HNO; on Pinatubo
aerosol has been predicted by Hoffiman and Solomon [1989] to
enhance HNOj; in 1992 as compared to 1993. The decrease in
HNO; in going from 1992 to 1993 would result from the di-
minishing influence of heterogeneous conversion of N,O5 to
HNO; as the Pinatubo aerosol settles out during this time
period, and the HNO; recovers toward pre-Pinatubo condi-
tions. This interpretation has been applied by previous authors
reporting HNO, trend observations [Rinsland et al., 1994;
Jones et al., 1994; Koike et al., 1994; David et al., 1994]. This is
a strong candidate mechanism to explain the globally averaged
deseasonalized trends of decreased HNO; column and peak
vmr on going from 1992 to 1993 that is observed by the CLAES
instrument. Consistent with this mechanism for explanation of
the decrease in HNOj; the CLAES data indicate a correspond-
ing strong 1992 to 1993 global decrease in the Pinatubo aerosol
[Mergenthaler et al., 1992; Roche et al., 1994; Massie et al., this
issue]. In the following discussion we will refer to this mecha-
nism as the recovery from the HNO; enhancement due to
Pinatubo aerosol surface conversion of N,Os to HNO;, i.e., the
rfPac mechanism.

However, clear evidence for decrease in HNO; from 1992 to
1993 for the period of CLAES V7 processed data is restricted
to the latitude 30°N and south. Since to first order we expect
the decrease in HNOj; due to the rfPac to be uniform over the
globe, and especially since it is very unlikely the rfPac can
produce increased HNO,; as observed in the northern
deseasonalized CLAES HNO; trends, the observations suggest
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Figure 20. Mission length time series of CLAES HNO,

zonal mean column density at 44°S and 48°S. UARS day 112
corresponds to January 1, 1992, and UARS day 478 to January
1, 1993.
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Table 5. Details of Comparison With KCD

KUMER ET AL.: CLAES HNO; V7 DATA

CLAES 44°S CLAES 48°S KCD
Number SLP UARS Days AC vC AC vC AC VvC
1 Jan. 17-Feb. 12, 1992 128-154 10.6 0.2 11.7 0.3 12.2 0.8
2 March 26-April 29, 1992 197-231 12.5 0.6 14.1 0.7 13.9 1.0
3 June 11-July 10, 1992 274-303 17.2 0.5 18.9 0.7 “19.1 1.7
4 Aug. 16-Sept. 18, 1992 340-373 15.2 0.5 16.7 0.6 17.0 1.2
5 Nov. 1-26, 1992 417-442 11.9 0.3 12.8 0.4 11.4 0.8
6 Jan. 12-Feb. 6, 1993 489-514 10.1 0.2 11.2 0.2 11.5 0.3
7 March 22-April 15, 1993 558-582 9.9 0.3 10.7 0.4 12.5 0.7

The south-looking period (SLP) averaged zonal HNO, column (AC) and its variability (VC) in units 10'> cm™2 is listed for CLAES, and
estimates (as discussed in text) for the KCD HNOj; column at the middle of each period, and its variability.

that there is an additional mechanism for the observed
deseasonalized trends in the CLAES HNO;. Also, there is a
much larger decrease of HNO; column at 20°S compared to
20°N and at the equator; this suggests that the additional
mechanism may have influence on HNO; column as far south
as the equator. This additional mechanism must act to increase
HNO; during the time periods of the deseasonalized trends,
approximately from February 1992 to February 1993, but not
necessarily fast enough at all latitudes in these regions to to-
tally offset the decrease in HNOj, due to the rfPac.

It is interesting and relevant to examine the implications for
this additional mechanism of the 20°N DCD and CLAES data.
The corresponding aerosol surface area from SAGE (monthly
mean values integrated from 10° to 20°N and from 15 to 35 km)
in the time period mid-October 1991 to mid-October 1993 is
also shown by David et al. [1994] and cited (G. Yue, private
communication, 1994). The maximum aerosol surface area oc-
curs at approximately the end of December 1991 and is ap-
proximately 400 um? km/cm®. The aerosol surface areas are
360 and 70 um? km/cm?® for February 26, 1992, and February
26, 1993, respectively. So, in the 1-year time period from Feb-
ruary 26, 1992, to February 26, 1993, that the aerosol decreases
by a factor of more than 5 from February 26, 1992, and by more
than a factor of 4 from peak loading near the end of December
1991, the HNO; column only decreases by 6%, which consti-
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Figure 21. CLAES HNO; zonal mean column density at

44°N and 48°N.

tutes just one fifth of the total 30% that it decreased in the
2-year period from mid-October 1991 to mid-October 1993. To
reiterate, more than 75% of the maximum that occurred in
Pinatubo-enhanced aerosol surface area settles out in the time
period from February 26, 1992, to February 26, 1993, but only
one fifth of the total decrease in HNO; that is noted from
mid-October 1991 to mid-October 1993 occurs in that same
time period. The other four fifths of the total 2-year HNO,
decrease occurs in the two time segments from mid-October
1991 to February 26, 1992, and from February 26, 1993, to
mid-October 1993. At 20°N the decrease in HNO; and aerosol
certainly does not track one to one.

On the other hand, at 20°S there is a 25% decrease noted in
the CLAES data (section 5.1.3 above) during the major aerosol
dispersal time period from February 26, 1992, to February 26,
1993. This behavior at 20°S is what might be expected at 20°N
if the decrease in HNO; were to track one to one with the
settling out of the aerosol. To satisfy the DCD requirement for
a30% decrease at 20°N in the 2-year period from mid-October
1991 to mid-October 1993, and to also satisfy the CLAES (and
DCD requirement) requirement that only 6% of this decrease
occurs in the one year from February 26, 1992, to February 26,
1993, which also happens to be the specific time in which more
than 75% of the aerosol surface area settles out, the postulated
additional mechanism is required to produce only a transient
effect. It is required to tend to increase HNOj; in the approx-
imate time period February 1992 to February 1993 but not
outside this time period. At 20°N the effect is required to be
significant but not strong enough to totally offset the decrease
in HNO; column due to the rfPac. To explain the hemispheric
asymmetry evident in Table 7 and to be consistent with trends
common to CLAES and ATMOS in the southern hemisphere
as derived from profile comparisons, the mechanism must be
operative in the sense that it would drive increases in HNO;
from the equator and to the north but should not be operative
in this sense to the south of the equator.

The QBO is a plausible candidate for this additional mech-
anism. A large variation has been predicted in HNO;,
[Chipperfield and Gray, 1992] and prior to significant process-
ing of the UARS data, Gray and Ruth [1992] predicted HNO,
QBO effects in the UARS data with magnitude and timing
comparable to the CLAES observations for the hypothetical
case of no Pinatubo eruption. Considering these predictions
and the magnitude of the observed effects, it is reasonable that
the QBO may be exerting significant influence. If the addi-
tional mechanism is QBO related it must have considerable
hemispheric asymmetry to meet the requirements on the pro-
posed additional trend mechanism. As discussed above, it
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Table 6. As Listed in Table 5 but for 44°N and 48°N
CLAES 44°N CLAES 48°N
Number NLP UARS Days AC vC AC vC
1 Jan. 9-12, 1992 120-123 15.8 0.3 174 0.4
2 Feb. 18-March 21, 1992 161-192 14.4 0.4 15.5 0.6
3 May 4-30, 1992 236-262 14.8 0.8 14.8 0.8
4 July 16-Aug. 10, 1992 309-334 11.5 0.2 12.7 0.3
5 Sept. 24-Oct. 26, 1992 379-411 12.7 0.3 14.5 0.6
6 Dec. 2, 1992, to Jan. 7, 1993 448-484 14.9 0.6 16.5 0.7
7 Feb. 12, 1992, to March 17, 1993 520-553 14.5 0.7 16.1 1.0

would need to be working to increase HNO; peak vmr from
about 30°N and to the north and HNOj; column from about the
equator and to the north on the approximate time period from
February 1992 to February 1993. To the south of these regions
it is required to either have little effect or to be driving a
decrease in HNO,, i.e., in the same sense as the rfPac.

Hemispheric asymmetry is observed in NO, QBO signals in
SAGE data on the time span from 1985 to 1991 [Chipperfield
et al., 1994] and rationale is presented. The HNO; QBO signals
are expected to resemble those in NO, [Chipperfield and Gray,
1992]. Also, hemispherically asymmetric behavior is noted in
the MLS ozone data [Froidevaux et al., 1994] in the time period
concurrent with the CLAES data. These are seen most clearly
in the MLS column ozone above 100 mbar (Froidevaux et al.
[1994], Figure 7a; these are designated by MLS - O;C_,, in
subsequent discussion) that show deseasonalized trends that
are very similar to those seen in the CLAES HNO; data. The
MLS has the same viewing geometry as CLAES, so periods
defined above for establishing deseasonalized trends are com-
mon to the two UARS instruments. From 15°N to 80°N there
is a decreasing deseasonalized trend in MLS - O;C. ;, from
NLP 1 to NLP 6 and from NLP 2 to NLP 7, an increasing
deseasonalized trend from MLP 1 to MLP 2 from 15°N to 15°S,
and no significant trend from 15°S to 80°S for SLP 1 to SLP 6
and SLP 2 to SLP 7. The MLS has obtained data over a longer
time base than CLAES, and the data available for the [Froide-
vaux et al., 1994] publication went from October 1991 to mid-
March 1994. On examination of that total data set it is clear
that the deseasonalized trends in the MLS - O;C. ¢, as de-
scribed above, exhibit the characteristics of QBO extrema with
maximum in the north occurring at about February 1, 1992,
minimum occurring at about February 1, 1993, and another
maximum occurring at about February 1, 1994. The identifica-
tion is even clearer in the 15°N to 15°S region where the
phasing is reversed by 180° as models would predict for the
ozone QBO signal. Similar QBO phasing and hemispheric
asymmetry is also apparent [Froidevaux et al., 1994] in a com-
parison of MLS and TOMS total ozone column from 30°N to
60°N and from 30°S to 60°S, although the asymmetry is not so
pronounced in these data.

The QBO-like behavior required for the additional mecha-
nism for the deseasonalized trends that are observed in
CLAES HNOj; peak vmr would need to be 180° out of phase
with the QBO-like signal in the MLS - O;C.. ;¢ on the range
from 15°N to 80°N. This is consistent with models of the QBO
effects on ozone, NO,, and HNO;. It is expected that the
CLAES HNO; peak vmr is ~180° out of phase with the
MLS - O,C- 4, 0n the rest of the globe too, but it would be
difficult to clearly distinguish this in the deseasonalized trend
data since it would drive toward decreasing HNO;, the same

sense as the rfPac. In the case of the deseasonalized trends in
CLAES HNO; column the QBO-like effects in the north again
need to be 180° out of phase with those observed in
MLS - O;C. ¢ in the range from 15°N to 80°N but would
need to have this behavior on the somewhat larger region from
the equator to 80°N in order to explain the hemispheric asym-
metry observed in these as listed in Table 7 above.

Also, QBO-like behavior in HNO;, with minimum in ap-
proximately February 1992 and maximum in approximately
February 1993, is exactly what is needed to simultaneously
explain the observation of the relatively slow 6% deseasonal-
ized decrease seen (section 5.1.3) in 20°N HNO; column data
from February 1992 to 1993, which is just a small fraction of
the 30% decrease in 20°N HNO; column data that is observed
[David et al., 1994] in the inclusive 2-year period from October
1991 to 1993. Because of its 2-year period the QBO should
have little influence on the 30% trend noted in the DCD from
October 1991 to 1993. This should be driven nearly exclusively
by the rfPac. But QBO-like phasing with minimum in approx-
imately February 1992 and maximum in approximately Febru-
ary 1993, as proposed, is exactly what is required to provide
consistency of the 2-year 30% trend to decrease with the much
slower 6% trend to decrease that is observed in the shorter
deseasonalized subset period from February 1992 to 1993.
Assuming the rfPac drives a 15% decrease per year, the peak-
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column density at 20°N and the data from David et al. [1994].
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Table 7. Summary of Deseasonalized Average Column Trend Ratios for Decrease in HNO; for 1992/1993

South North
Latitude,

deg SLP 1to 6 SLP 2 to 7 MLP 1 to 2 NLP 1to6 NLP 2 to 7 MLP 1to2
76 1.05 1.21 1.15 0.91

60 1.05 1.30 1.02 0.93

48 1.04* 1.25*% 1.05 0.91

44 1.04* 1.20* . 1.05 0.94

20 1.24 1.06%

0 1.07

*Consistent with data from Koike et al. [1994].
tConsistent with data from David et al: [1994].

to-peak QBO-like effect that is required to match the obser-
vations is a 9% increase.

Considering the discussion above, it is solidly plausible that
the QBO may be the additional mechanism that is required to
fit the observed deéseasonalized CLAES HNO, trends in that
the hemispheric asymmetry and timing of the extrema are
consistent with the concurrently observed QBO-like signals in
MLS data, the required magnitude of the effect is consistent
with models, and the timing and magnitudes explain the time
dependence of the CLAES and DCD trends observed in the
20°N HNO; column data. These are strong plausibility argu-
ments in support that the required second mechanism for the
observed 1-year deseasonalized trends is a QBO effect with
characteristics as proposed above but perhaps just short of
being conclusive. A more extensive study is required which
involves the identification of concurrent QBO-like signals in
other species (CLAES - O5C- 4, and MLS HNO; are obvious
examples) and the use of models to see if these are consistent
with the required effects on HNO,. Such a study is out of scope
for this validation paper.

Our conclusions on mechanisms for the deseasonalized
trends observed in the CLAES HNO; on the time period of V7
processed data are as follows:

1. Averaged over the globe, there is a decrease in HNO;
that is most likely dominated by the diminishing influence of
heterogeneous conversion of N,Os to HNO; as the Pinatubo
aerosol settles out and the HNO; tends to recover toward
ambient pre-Pinatubo levels, as has been discussed by previous
authors.

2. There is, however, a strong hemispheric asymmetry in
that the HNOj, decrease is very clear and distinct in the south,
is relatively weakly present in the north subtropics, and is not
present, or actually reversed at northern middle and high lat-
itudes. This suggests the existence of a second trend mecha-
nism that significantly influences the observed trend data.

The QBO is a strong candidate for this second mechanism.
The required timing and hemispheric asymmetry is consistent
with the QBO-like signals reported for the MLS O; column
above 100 mbar and model-predicted effects are of the re-
quired magnitude.

5.3. Data Usage Caveats

The comparison with correlative data presented above
shows a picture of CLAES HNO; V7 values that are generally
less than the corresponding correlative data for cases where
CLAES peak vmr are approximately =8 ppbv. In these cases
the use of the most recent spectral parameters, as will be done
in future data versions, is expected to improve the comparisons
with correlative data. For cases where the CLAES peak vmr

exceeds 10 ppbv there is no evidence that these are smaller
than the corresponding correlative data; therefore in these
cases the use of the most recent spectral parameters is not
expected to improve the comparisons with correlative data.

There are two cases where the CLAES average peak vmr
exceeds 10 ppbv in comparison with a set of correlative pro-
files; these are the ATMOS 92 sunset and the CAESR profiles:
The CLAES average peak vmr in these two cases is 10.25 and
12.0 ppbv, respectively. The average value in the difference of
peak vmr for these two cases is 7 = 11% and 7 * 10%,
respectively. Thus for CLAES profiles with peak vmr greater
than 10 ppbv, these are somewhat larger on the average than in
the correlative profile set but are well within the variability. In
addition to the profile comparisons, there are two other cases
we have examined that indicate CLAES is achieving retrievals
in agreement with correlative data for peak volume mixing
ratios well in excess of 10 ppbv. The good agreement of the
CLAES column data with the KCD in the same time period,
SLP 2, and approximate location of the comparisons with the
ATMOS 92 sunset data, and the continued good agreement
with KCD in the next time period, SLP 3, in that location when
the amount of HNO; was increased by about 35%, would
argue that at least up to this amount of HNO; the CLAES is
retrieving consistent with correlative data. Also, direct com-
parison with CLAES polar HNO; mapped on the 465 K sur-
face as shown by Roche et al. [1994, Figure 2] for the dates
October 26, 1992, December 3, 1993, February 22, 1992, and
March 14, 1993, with similar mapped MLS data for these dates,
as shown by Santee et al. [1995, Figure 2], demonstrate that the
CLAES data consistently portray the morphology for vmr that
exceeds 13 ppbv.

The following is a summary of the caveats:

1. The spectral parameters that were used in V7 are now
out of date. The most recent parameters will be incorporated
in the next CLAES data version and are expected to increase
the retrieved vmr by about 10% in optically thin regions and by
as much as 25% in the optically thickest regions.

2. The CLAES V7 HNO; with peak vir =<8 ppbv are on the
average 6—15% smaller than the peak vmr in available correlative
profiles. These comparisons are expected to improve with the use
of the most recent spectral parameters since this is expected to
increase the CLAES by 10-16% in these cases.

3. On the basis of profile comparisons with correlative
profiles the CLAES V7 HNO; with peak vmr =10 ppbv are
more than correlative profile peak vmr by about 7 + 11%.
Comparison with KCD and published mapped MLS data in-
dicate agreement within variability is retained to vmr at least as
large as 13 ppbv. The use of new spectral parameters in future
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versions might be expected to produce an increase in the
CLAES values for these cases of large HNO;.

4. Beginning August 10, 1992, there is an uncompensated
drift in the V7 radiometric calibration that produces a decreas-
ing bias in CLAES V7 HNO; that goes approximately linearly
from 0% on August 10, 1992, to 0.6% on January 7, 1993, then
begins to decrease even more rapidly to a minimum of 3.7%
too low on April 4, 1993, and then recovers by April 24, 1993.
The maximum effect on vmr occurs on April 4, 1993, and tends
to bias values too low by approximately 6.3, 5.2, 3.7, and 3.7%
at 70, 30, 10, and 3 mbar, respectively.

6. Summary and Conclusions

There are 388 days of CLAES V7 HNO; global data inter-
spersed in the period from January 9, 1992 to May 5, 1993. The
most interesting science aspects of these new data are twofold.
First, they provide a global view of the autumn-winter-spring
evolution of the denitrification event at south high latitude, an
essential element of the dramatic ozone reduction in that re-
gion in the spring. Second, the data were obtained during a
period when the atmosphere was recovering from effects of the
heavy Pinatubo aerosol loading, and they lend critical insight
on the relative magnitude of the transient aerosol effects on
comparison with other, more permanent mechanisms for year-
to-year variability, the QBO for example. In this report we
have examined the quality of these data. These have been
compared with correlative vmr profiles, LIMS data, column
data time series, and some published mapped data. Accuracy
and precision are inferred from the comparisons and these are
consistent with estimates that are based on instrument and
retrieval characterization. One-year deseasonalized trends
with considerable hemispheric asymmetry are strikingly evi-
dent in the data. These are quantitatively supported by correl-
ative data in all cases in which these are available for suitable
time periods in a given location. These are documented and
credible trend mechanisms are established.

Profile comparisons were made with concurrent correlative
measurements obtained by ATMOS in late March-early April
1992 and in early April 1993; 11 profiles were obtained by
various instrumentation on midlatitude balloons (approxi-
mately 35°N) and interspersed in time near the equinoxes,
spring and summer, and 6 northern (approximately 68°N) win-
ter profiles from balloons. In 1992 there were 17 sunset AT-
MOS profiles in the range from 31.8°S to 55.5°S, 21 sunrise
profiles from 16.7°S to 18.2°N, and in 1993 only 14 sunset
profiles were concurrent and these were from 27.4°S to 49.5°S.
Registration versus the balloon profiles and the ATMOS 92
sunset case is within 0.4 km. The registration offset is larger for
the ATMOS 92 sunrise and ATMOS 93 sunset cases in which
very fewer profiles were processed to low enough altitude to be
used for registration purposes. A good peak vmr agreement is
achieved in all cases. The CLAES values tend to be less than
correlative for cases where the CLAES peak vmr is approxi-
mately =8 ppbv. In all these cases, namely, ATMOS 92 sun-
rise, ATMOS 93 sunset, and midlatitude balloons, agreement
within variability is just missed. Conversely, for CLAES peak
vmr approximately =10 ppbv the tendency is for the CLAES
values to be slightly larger than correlative but to agree within
variability. At both 70 and 10 mbar the CLAES vmr agrees
within variability with the balloon measurements. For the most
part, agreement within variability is achieved with ATMOS;
the variabilities are larger than in the case of the balloon
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comparisons. From 10 to 3 mbar the large majority of the data
points from midlatitude balloons agreed within the combined
instrumental error estimate, the majority of comparisons with
ATMOS were within variability, and there were no high-
latitude balloon data in this altitude range. There were five
midlatitude balloon profiles down to 100 mbar and, on the
average, CLAES was less by 24 = 35%. None of the midlati-
tude profiles went lower than 119 mbar. At high latitude it was
possible to compare three profile pairs at 100 mbar and there
CLAES was less, on the average, by 33 = 10%.

Zonal Mean vmr Comparison With LIMS

These comparisons show good agreement in overall struc-
ture and in subtle features such as polar winter enhancements
above 10 mbar and poleward from 50°. These comparisons for
January and April showed LIMS values in the tropics and
south in much closer agreement with the 1993 case. Closer
agreement between the LIMS and the 1993 CLAES, rather
than the CLAES 1992, is predicted by Gray and Ruth [1992] on
the basis of QBO phasing. As in comparison with some of the
correlative profiles above, the CLAES top and bottom side
vertical gradients are steeper than LIMS.

Vmr Accuracy and Precision

Our highest confidence for the CLAES HNO; V7 vmr is in
the range 70 to 3 mbar, with comparison with correlative data
as summarized in Table 2 above. Although the few compari-
sons at 100 mbar are also very encouraging, caution should be
exercised for use outside this range. The precision in the range
70 to 3 mbar is of the order of 0.3 to 1.0 ppbv. This precision
was derived from data repeatability. The embedded error es-
timates and the estimates based on instrument and retrieval
characterization agree within a factor of 2 or better.

Zonal Mean Column Comparisons

Comparisons over the time period of the CLAES V7 pro-
cessed data with long time series column data reported by
Koike et al. [1994] and David et al. [1994] at 45°S and 20°N,
respectively, were in agreement within data variability.

Caveats

There are two important caveats regarding the CLAES V7
data. First, the V7 is biased low due to use of now out of date
spectral parameters. This is estimated to be of the order of 10
to 25% with the latter number applicable for the most optically
thick regions. The manifold comparisons suggest that in cases
where peak V7 vmr is approximately =8 ppbv, then adjustment
for spectral parameters will improve the comparisons. For
peak V7 vmr from about 10 to 13 ppbv however, good agree-
ment is achieved over the manifold comparisons, and this
might be degraded on adjustment for spectral parameters.
Future versions of CLAES HNO; data will use the most recent
spectral parameters. Second, the V7 are further biased slightly
low on a restricted time period due to an uncompensated drift
in radiometric calibration that begins August 10, 1992, and
increases slowly to values of about 1% or less on January 7,
1993, and then more rapidly to maximum values of 6.3, 5.2, 3.7,
and 3.7% at 70, 30, 10, and 3 mbar, respectively, on April 4,
1993, and then recovers by April 24, 1993. Even with these
caveats the HNO, V7 database will support a wide range of
very useful science investigations, denitrification and trends
being a subset of examples.
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Observations of Deseasonalized Trends and Their
Mechanisms

The CLAES V7 data period of processed data included
January 9 through April 15 of both 1992 and 1993. Data ob-
tained in a group of days, or on a day, within the 1992 period
were compared with data obtained in the corresponding group
of days, or day, within the 1993 period to examine 1-year
deseasonalized trends in the data. There is an obvious trend
for the southern hemispheric and equatorial HNO; to de-
crease in going from 1992 to the corresponding time in 1993.
The decreasing trend is not globally universal, it is reversed for
north middle and high latitudes. The decreasing trends in the
south are larger than increases in the north, so that the global
average is a decrease. We believe that the mechanism for the
global averaged decrease is the result of the diminishing influ-
ence of heterogeneous conversion of N,Os to HNO; as the
Pinatubo aerosol settles out during this time period and the
HNO; recovers toward pre-Pinatubo conditions (designated
the rfPac mechanism in section 5.2). We believe the increase in
the north is the result of hemispherically asymmetric QBO-like
effects that are strong in the northern hemisphere and weak in
the southern hemisphere and are phased to produce an in-
crease in HNOj; over this time period of just the right magni-
tude to more than offset decrease due to the rfPac. We have
noted similar QBO-like effects with consistent phasing and
hemispheric asymmetry in the concurrent MLS column ozone
above 100 mbar [Froidevaux et al., 1994], and various authors,
as cited in section 5.2, have predicted QBO HNO; effects with
the required magnitude.

Appendix A: CLAES V7 Approach for Retrieval
and Embedded Error Estimates

Al. Introduction

In this appendix we describe the CLAES V7 approach for
retrieval and embedded error estimates in application for the
retrieval of HNO;. As described by Roche et al. [1993a], the
CLAES instrument uses order sorting blocker filters to isolate
spectral regions with prominent emission features of one or
more species of interest for upper atmospheric dynamics and
chemistry. Aerosol emission is also present in all these blocker
filter transmission regions. The blocker filters transmission
passbands full width at half maximum A\ are typically of the
order of 0.5% A (or Avy, is of the order of 0.5% v if we refer
to spectral position in wave numbers per centimeter as is done
for the most part in the CLAES validation papers). The etalon
full width at half maximum bandwidths A v, are of the order of
1/20 to 1/30 of Av; that is, the finesse is of the order of 20 to
30 for the CLAES etalons. However, as explained by Roche et
al. [1993a], due to limitations on sampling time when running
the main CLAES instrument science mode, only several mea-
surements at resolution Aw, are obtained on each interval
Avg. The measurement spectral positions of the CLAES
blocking filter transmission maxima and the positions within
these that are sampled at etalon resolution Ay, are tabulated
by Roche et al. [1993a].

By inspection of the tabulation it can be seen that the
CLAES retrieval process involves multiple channels and mul-
tiple emitters on each blocker region. For the region near 879
cm ! that is targeted for HNO,, the retrieval is executed for
the two emitters HNO; and aerosol, but there are four chan-
nels utilized for the measurements as shown in Table 1 in the
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main text. The positions of the channels in relation to the
features on the CLAES mode 3 continuous spectra are shown
in Figure 1 in the main text. In these channels there are also
weak contributions from the emitters H,O and CO,, but these
are modeled and their calculated radiance contributions sub-
tracted from the data. In the remainder of this appendix we
describe the CLAES V7 approach for retrieval and embedded
error estimation using the HNO, region and channels as an
example.

A2. Radiance Component R, ; Calculation for Species j
at Tangent Altitude z and for Instrumental

Etalon-Blocker Transmission Function ®(v — v’) Centered
at Wave Number v

The radiance that is calculated along the limb-viewing line of
sight tangent at altitude z and at the etalon tilt angle position
that centers the etalon transmission spike at v will be desig-
nated R ,,. There are four such etalon positions (i.e., channels
centered at v) used for HNO; blocker filter region, for exam-
ple. The radiance R, produced by J emitting species is given
by the integral along the limb view path

R,,Z—f dv'd(v — V’)f B,dr,.

where the spectral transmittance along the path is a product of
the transmittances 7;,. of the J species and is given by 7, =
I/_, 7,,., the spectral blackbody radiance B . is a function of
temperature T along the path, and ®(v — v') is the instrumen-
tal spectral response for transmission through all instrumental
clements, including the tilted etalon and the order sorting
filter, and for incidence on reflective instrumental elements.
At tangent altitude z the species component radiances R, ;

are given by

Rm:f dv'®(v — v’)f B dr,,.

The R,,; is the radiance that would be due to specie j as if it
were the only specie present in the atmosphere. Then R, is
given by the sum of the species component radiances minus an
overlap term we call L ,,; that is,

(A1)

J
R.=> R, —L,. (A2)
j=1

In practice, one calculates the R,, and the R, and then

computes L, = 2/_| R,., = R

The use of the R,.; and L, in the retrieval process with
emphasis on describing the approach for calculating the
CLAES V7 algorithmic error estimates are illustrated here for
the HNO, case. In this region J = 4, the emitters are HNO,
(j = 1), acrosol (j = 2), and weak contributions from H,O
(j = 3) and CO, (j = 4).

J

vz*

A3. Fitting Data in Multiple Channels by Multiple Species
for All Tangent Altitudes z, in Effect “Diagonalizing”

the Multichannel, Multiemitter Problem into a Set

of Equivalent Uncoupled “Single-Channel”,

Single-Emitter Problems

For our example we model the H,O and CO, atmospheric
vmr based on climatology and retrieve the HNO; and aerosol.
Thus the calculated radiance component due to H,O and CO,
is subtracted from the radiance data. Since these components
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contribute only a very small amount to total radiance, the error
in using climatology to model them is second order. At each
tangent altitude z for the four channels denoted by v = 1-4,
the HNO; radiance component R ., and the aerosol radiance
component R _, that are calculated from the initial guess trial
atmosphere are linearly fit to the data D,,, with the H,O and
CO, modeled radiances R .5 and R ., and the overlap term
L . subtracted from it; that is, the HNO; and aerosol radi-
ances are best linear least squares fittoD', =D, , — L, —

vz

R,.; — R,.,. Mathematically, this amounts to solving for the

coefficients b,, and b, that minimize the quantity o? defined
below by

4

202= Y (D), — b.R..,

v=1

~ bR, (A3)

For the first guess for HNO; and aerosol the b,, (here we
switch notation to designate retrieved species by i; in this
example i = 1 for HNO; and i = 2 for aerosol) are not
generally unity. The least squares fitting procedure for finding
the coefficients b,, and the uncertainties o, in these coeffi-
cients is discussed by Kumer and Mergenthaler [1991].

To briefly review the calculation of the ay,; for the general
case where I species radiance components R ,; are being fit to
data in N channels by solving for the coefficients b, that
minimize o2 as given below

2

1
’
Duz - z bziR vzi | s
i=1

N

(N-Do2=,

v=1

The uncertainties oy,; in the fitting coefficients b, are esti-
mated by

-1
zii

2 2
Ozi = Uz(’

where C;! is the diagnol element of the inverse of the least
squares covariance matrix C, that has the elements C,; =
SN RLR,.

The retrieval process is used to modify the trial atmosphere
in an iterative way to obtain the best fit to the data and thereby
to drive the coefficients b, sufficiently close to unity to termi-
nate the process. Typically, this occurs when successive itera-
tions produce very small change when compared versus uncer-
tainty estimates in the retrieved parameters, computed as
described below in this appendix.

To illustrate, the progression of driving the HNO; g-branch
trial radiances to fit the data, corresponding to the iterations
for HNO; that are shown in Figure 2 of the main text, are
shown here in Figure Al.

A4. Linearization and Normalization to Employ Method
Resembling Single-Channel, Single-Emitter Newtonian
Iterative Approach for Error Estimation and Retrieval

The calculation of R ,; can be linearized and a normalized &
matrix defined by k..., = (R ,,;/9X,.;)(X,.;/R ;). This can
be used in an approach similar to the Newtonian iterative
approach that is described by Rodgers [1976] to iteratively drive
the atmosphere to a solution and/or provide error estimates.

Linearization is achieved by using the first term of the Taylor
expansion of R,_; about R(?), the nth iterative calculation of

vzid

the component radiance; that is,

vzi vzi

Ry =R+ (9R,./0X.) (X — XV (A4)
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Figure Al. Illustration of iterative process driving trial radi-

ances to observed radiances in the g-branch channel for the
same case as shown in Figure 2 in the main text.

To describe the iterative scheme, it is convenient to utilize the
radiance fitting coefficients b,;, as discussed above, and to
define the species modification coefficients a,; as follows:

The radiance fitting coefficients b,; relate R, and R{?) by
R,,, = b,,R\"); therefore

vzl

R, = R% = (b, — 1)RY)

vzi vzi®

(AS)

Likewise, the species modification coefficients a,; can be de-
fined such that X.., = a,.,X""); therefore

Xoy = XU = (a, — DXL (A6)

Dividing both sides of (A4) by R{?) and rearranging gives the
linearized and normalized equation

(b= 1) =2 kpilay— 1) (A7)

= (IR ,,,/0X,.)(XUD/RU)). The b, are deter-

vzi

Here k,,,,;
mined by linear least squares fitting the radiance components
to the data, as described above. The species modification co-
efficients a,.; are the unknowns that are to be solved.

There are as many linearized equations as there are chan-
nels; four for our example here applied to the region near 879
cm ™' for HNOj; and aerosol retrieval. By defining a k matrix
that is a weighted sum over the four channels, ie., k,,., =
3wk, /2% w,, the four equations for the four
channels are reduced to a single equation

(b:i - 1) = E kzz’i(az’z - 1)

z'=zz

(A8)

We have not investigated what constitutes optimized weighting
factors. For the V7 data we have used the weighting factorsw ;
=3, (k,..,R,,;/NESR .)* where NESR, is the noise equiv-
alent spectral radiance in channel v at altitude z. The NESR,
are derived by fitting a model to data obtained during on-orbit
CLAES door closed blackbody cool down calibration events, as
described by Roche et al. [1993a]. For the long wave channels
the door never gets cold enough that the blackbody radiance is
equal to the higher-altitude atmospheric radiance. For these
cases the NESR , derived from the cool down may be pessi-
mistic, since photon noise component may be too large. The
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altitudes z are actually the detector footprints of the linear
detector array projected to the Earth limb. The w,; as defined
above weight channels with least variance summed over all
altitudes the most.

An iterative solution for (A8) for the species modification
coefficients a,., that resembles the Newtonian iterative ap-
proach (i.e., resembles equation (99) in the Rodgers [1976]
paper) is given by the equation

(a,— D =1[kS;'(b,— D) +S;'(A,—D] (A9)

where a; is the vector form of a,; with elements at z, likewise
b; is the vector form of b,; with elements at z. The quantity S_;
is a diagnol instrument noise matrix with elements that are
related to the noise to signal ratio at z for species i. The
smoothing matrix S, functions much like the solution covari-
ance matrix of the Newtonian iterative method. To provide a
smooth transition from the data-driven retrieval to an a priori
solution X7 on going from regions where the signal to noise is
more than unity to regions where the signal to noise is less than
unity, the matrix S, may be given by

Sey=1 for z=2z2'

Se, =0 for z#2z'. (A10)
The inverse of the fractional variance matrix f,; is defined by

£, =(S;'+ K/S,'k) (A11)

and the diagnol elements of f ;! are the fractional variances of
the solution a,;. By the definition (equation (A10)) of the
smoothing matrix S, the fractional variance of the solution f ;!
goes to 1 as signal to noise goes to zero.

On implementing (A9), the a priori solution is related to the
nth trial solution by the relation X2 = 4,.X". The vector
form of the A4, is A;. The matrix I is the unit matrix.

A5. Embedded Production Data Error Estimates

By the method above, the fractional error estimates E,; at
altitude z are given by

El'yi = (f:ulz) vz

The values obtained for E,; are driven by what is selected for
the elements of S_,. In V7 these elements are given by

S;z‘z = (bzi/fszi) :

(A12)

(A13)

A potential problem with this approach is that sometimes,
due to systematic effects, the quantity b,,/0,; will be smaller
than one would expect for random noise. Systematic effects
such as poor knowledge of spectral parameters, or of the spec-
tral characteristics of the instrument, or both, can introduce a
systematic component to the reported error bars. Unfiltered
noise spikes will also result in error bars that are larger than
would be the case for pure random noise.

From the discussion above, it is clear that E,; is confined to
the range 0 = E,; = 1.0. Standard definition for the UARS
error bars is not fractional error E,; but instead is actual error
E i in units of volume mixing ratio. The simple presentation of
E.. = E.; X, works very well for E,; << 1 but might be
misleading for values of E,; approaching 1.0 since in this case
the maximum attainable fractional error might be mistaken for
a factor of 2 uncertainty on the upper limiting value. To at-
tempt to avoid this situation the CLAES error bar E ,; for V7

azi

azi
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data X,; on the Eos DAAC is given as a function of the
fractional error E,; as follows:

Ei=XAEy+ Ey/(1 - Ey))/2 (A14)

In this form, E ,; = E,; X,, for small E,; as expected, but the
maximum attainable fractional error 1.0 would not be inadver-
tantly mistaken for a factor of 2 uncertainty. The approach for
going from E,; to E,; as described may not be optimal, but it
is what is done in producing the error bars for the CLAES V7.
It is subject to modification in future versions.

A6. Mistakes in Embedded CLAES V7 Production Data
Error Estimates

Because of conceptual errors the CLAES V7 production
code did not exactly follow the error estimation algorithm
described above. This led to an overestimate of CLAES error
by no more than 15% for all CLAES species other than ozone
retrieved from blocker region 9, i.e., the CLAES O;B9 sub-
type. For O;B9 the error was exacerbated to the extent that the
fractional error could be a factor ~(6.1)"? larger than it should
be in regions where there is significant signal to noise. How-
ever, it still tends to go to 1 in regions of zero signal to noise.

The reason is twofold. First, in the V7 code the fractional
variances of the solution a,; were computed by (S..!/f )"
rather than by (A12) above. This would not affect the numer-
ical value except that the second error is that the smoothing
matrix in the V7 code was mistakenly given nonzero off diagnol
elements. For O;B9 these were ¢ /> where n tells how far off
diagnol the element is. In this case the diagnol element of the
inverse of the smoothing matrix S_,! ~ 6.1. Thus in the case
of very small signal to noise the fractional variance goes to 1 as
it should, but for large signal to noise, the fractional variance
becomes ~(6.1)"? larger than it should. This discrepancy be-
tween the V7 production error bars and estimates derived
from other sources is quite clear, as is discussed by Bailey et al.
[this issue].

For all subtypes other than O;B9 the V7 off diagnol smooth-
ing matrix elements were e ”. Therefore the maximum value
of the diagnol element of the inverse of the smoothing matrix
S~ ~ 1.3. In this case, the maximum overestimate in the V7

xzz

error bars was at most 15% in regions of large signal to noise.

Appendix B: Acronyms

AAOE
AASE

Airborne Antarctic Ozone Experiment.
Airborne Arctic Stratosphere
Expedition.

period averaged (many days) zonal
mean HNO; column (molecules/cm?).
Atmospheric Trace Molecule
Spectroscopy (ATMOS) Experiment.

AC

ATMOS

ATLAS Atmospheric Laboratory for
Applications and Science.
BLISS balloon-borne laser in situ sensor.
CAESR cold atmosphere emission spectral
radiometer.
CLAES cryogenic limb array etalon
spectrometer.
CLAES V7 processed CLAES data version 7.
CLAES - O5C..,y, CLAES column ozone above 100 mbar.
DCD HNO; column data reported by David
et al. [1994].
EGA emissivity growth approximation.
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FIRS-2 far-infrared spectrometer.
FTS Fourier transform spectrometer.
HITRAN92 spectral parameters database [Rothman
et al., 1992].
ISAMS improved stratospheric and
mesospheric sounder.
JPL Jet Propulsion Laboratory.

KCD HNO; column data reported by Koike

et al. [1994].
LAAM limb acquisition and adjustment mirror.

LIMS limb infrared monitor of the
stratosphere.

LLNL Lawrence Livermore National
Laboratory.

MKIV JPL Mark IV interferometer.

MIPAS-B Michelson interferometer for passive

atmospheric sounding, balloon-borne
version.

MLP period(s) appropriate for establishing
deseasonalized trends from CLAES
data obtained in the latitude range
between 32°S and 32°N; see discussion
in section 5.1.3.

MLS microwave limb sounder.

MLS - O;C. o0 MLS column ozone above 100 mbar.
NESR noise equivalent spectral radiance.
NLP north-looking period(s); see Table 6.
OBCS onboard blackbody calibration source.

PRT platinum resistance thermometer.

QBO quasi-biennial oscillation.

rfPac the mechanism: recovery from HNO;
enhancement due to Pinatubo aerosol
surface conversion of N,Os5 to HNO,.

RMS root-mean-square, i.c.,

((Sty x>,
RSS root sum of squares, i.e., (S/_, x7)"2.
SAGE Stratospheric Aerosol and Gas
Experiment.
SLP south-looking period(s); see Table 5.
SLS sub-millimeter-wave limb sounder.
TOMS total ozone mapping spectrometer.
UARS Upper Atmosphere Research Satellite.
VC variability in period averaged zonal
mean HNO; column.
vmr volume mixing ratio.
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