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Satellite observations of daytime and
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[1] The global distribution of mesospheric and lower thermospheric ozone 9.6 pm
infrared emissions was measured by the Cryogenic Infrared Spectrometers and Telescopes
for the Atmosphere (CRISTA) experiment during two Space Shuttle missions in
November 1994 and August 1997. The radiances measured by CRISTA have been
inverted to O3 number densities in the 50—95 km range by using a nonlocal
thermodynamic equilibrium model. A detailed sensitivity study of retrieved O; number
densities has been carried out. The ozone abundance profiles show volume mixing ratios
of 1-2 ppmv at the stratopause, 0.5 ppmv or less around 80 km, and typically 1 ppmv
during daytime and 10 ppmv during nighttime at the secondary maximum. The agreement
with other experiments is typically better than 25%. The global distribution of upper
mesospheric ozone shows significant latitudinal gradients and an enhancement in the
equatorial upper mesosphere. At the polar night terminator a third ozone maximum is
observed. Three-dimensional model results indicate that the latitudinal gradients are
significantly influenced by solar tides.  INDEX TERMS: 0340 Atmospheric Composition and
Structure: Middle atmosphere—composition and chemistry; 3332 Meteorology and Atmospheric Dynamics:
Mesospheric dynamics; 3360 Meteorology and Atmospheric Dynamics: Remote sensing; 3394 Meteorology
and Atmospheric Dynamics: Instruments and techniques; KEYWORDS: mesosphere, ozone, CRISTA, lower

thermosphere, ROSE, non-LTE
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1. Introduction

[2] Ozone is a key factor in the structure and dynamics of
the earth’s atmosphere [London, 1980]. The absorption of
solar ultraviolet (UV) radiation by ozone constitutes the
essential source of heat in the middle atmosphere [Brasseur
and Solomon, 1986] and contributes significantly to the
increase in temperature with increasing altitude forming the
stratosphere. A complete description of the thermal structure
and photochemistry of the middle atmosphere is not possi-
ble unless the ozone abundance is well characterized.

[3] The typical vertical profile of the ozone volume
mixing ratio shows two distinct maxima, one in the strato-
sphere at 35 km and one near the mesopause. The secondary
maximum was first detected by Evans and Llewellyn [1972]
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in daytime ozone and by Hays and Roble [1973] during
night and was explained by several theoretical model results
[e.g., Shimazaki and Laird, 1970; Hunt, 1966, Keneshea et
al., 1979; Allen et al., 1984; Rodrigo et al., 1981, 1986]. In
addition to the simple photochemical scheme (O,+ hv —
O+ 0; O+ 0+t M — O3 + M) [Chapman, 1930], chemical
reactions with active hydrogen and molecular as well as
turbulent mass transport play an important role in the
explanation of the secondary ozone maximum. Typical
ozone mixing ratios are 2 ppmv at the stratopause, 0.5
ppmv below the secondary maximum and 1 ppmv (day) or
10 ppmv (night) at the secondary maximum.

[4] Ozone measurements in the mesosphere and in the
lower thermosphere were carried out by a variety of techni-
ques. An overview of early satellite experiments to measure
ozone is given by Hays and Roble [1973] and Krueger et al.
[1980]. The technique mostly used to derive ozone in the
middle and upper mesosphere is UV absorption spectroscopy
with the sun or stars as sources of UV light [Roble and Hays,
1974; Riegler et al., 1976; Weeks et al., 1978; Fussen et al.,
2000]. In addition to the UV occultation, the absorption of
infrared radiation has also been used to infer ozone profiles
in the mesosphere [Gunson et al., 1990; Briihl et al., 1996].
Another technique is the detection of the molecular oxygen
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dayglow emissions, which arise in part from processes
related to the photolysis of ozone: the 0,('Y =) (0,0)
band at 762 nm [Lopez-Gonzdlez et al., 1992a, 1992b;
Marsh et al., 2002; Mlynczak et al., 2001], the (0,1) band
at 864 nm [Noxon, 1975] and the O,('A — 3%) band at
1.27 pm [Llewellyn and Witt, 1977; Weeks et al., 1978;
Thomas et al., 1984; Evans et al., 1988; Mlynczak et al.,
2001]. Ozone emissions in the microwave region are used by
some ground- and space-based instruments to infer the ozone
density in the mesosphere. Ground-based microwave spec-
trometry was applied by Wilson and Schwartz [1981],
Zommerfelds et al. [1989], Connor et al. [1994] and refer-
ences cited therein. Spaceborne measurements of ozone
microwave emissions were carried out by Froidevaux et
al. [1996] and Bevilacqua et al. [1996]. Ozone in the upper
mesosphere and lower thermosphere (UMLT) was also
measured by rocket borne mass spectrometers [7rinks,
1975] and by the analysis of the duration distribution of
overdense radio meteor echoes [Jones et al., 1990; Cevolani
et al., 1999].

[5] Infrared emission measurements overcome the limi-
tations in the local time coverage of solar occultation and
dayglow measurements and their altitude resolution is
significantly higher in comparison with microwave data.
Several rocket borne measurements of mesospheric ozone
infrared emissions have been performed [e.g., Rawlins et
al., 1985; Green et al., 1986; Adler-Golden and Smith,
1990; Adler-Golden et al., 1990; Grossmann and Vollmann,
1997]. Global upper mesospheric ozone infrared emission
measurements have been analyzed by Zhou et al. [1998]
and Mill et al. [1994].

[6] The main difficulty of deriving ozone from its infra-
red emissions is to model the occupancy of its vibrational
states, which are in nonlocal thermodynamic equilibrium
(non-LTE) [Rawlins et al., 1985; Solomon et al., 1986;
Milynczak and Drayson, 1990a, 1990b; Adler-Golden et al.,
1992; Manuilova and Shved, 1992; Manuilova et al., 1998].
There are basically two reasons for the breakdown of LTE
for the ozone v; vibrational mode (9.6 pm) in the UMLT:
Vibrationally excited molecules are produced in the recom-
bination reaction (O, + O — O%) and by absorption of
radiation emitted from the lower and much warmer atmos-
phere while the collision frequency and the quenching
rates are not large enough to restore LTE to these levels.
Most models suggest that the first excited states of the vy, v,
and vz modes are mainly determined by radiative absorption
and thermal collisions and only to a lesser extent by the
recombination reaction [e.g., Manuilova and Shved, 1992].
Details are given below.

2. CRISTA Observations

[7] CRISTA was a limb-scanning satellite experiment
[Offermann et al., 1999; Riese et al., 1999; Grossmann et
al., 2002] and was flown twice aboard the ASTROnomical
Shuttle PAllet Satellite (ASTRO-SPAS) free-flying platform
on the Space Shuttle missions STS-66 (1994) and STS-85
(1997). The orbit altitude was 300 km, and the orbit
inclination was 57° during the two missions. Atmospheric
limb measurements were taken during two periods (Novem-
ber 4—12, 1994, and August 8—16, 1997). Both CRISTA
flights took place near the minimum of the solar cycle and
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Figure 1. (a) Local time- latitude coverage of the meso-

spheric data for CRISTA-1 (November 8—11 1994; black
diamonds) and CRISTA-2 (August 8—16 1997; shaded
area). (b) solar zenith angle- latitude coverage.

mostly under geomagnetically quiet conditions. CRISTA
made global measurements of trace-gas thermal emissions
in the 4—71 pm region with a high horizontal and vertical
resolution and with a medium spectral resolution. The
radiance was analyzed by means of Ebert-Fastie grating
spectrometers in 13 different wavelength intervals. The
CRISTA 9.6 pm channels cover the wavenumber interval
979-1122 cm™'. The spectral resolution (WANX) is 390 and
the wavenumber increment between two subsequent spec-
tral sampling points is about 0.67 cm™'. The noise equiv-
alent spectral radiance (NESR) is in the order of 1.5-10'°
W/(cm? sr cm™ 1) for all CRISTA 9.6 um channels used in
the retrieval. Typical Signal/Noise ratios of the 1010—1065
cm ' integrated radiances are 1 and 8 for daytime and
10 and 60 for nighttime at 100 km and 90 km, respectively.

[8] Altitude profiles are sampled with a vertical increment
of 2.1-2.6 km in the mesosphere and lower thermosphere
(MLT). The width of the vertical field of view is about
1.5 km. To obtain a high horizontal resolution, three tele-
scopes are used to sound the atmosphere simultaneously.
During the CRISTA-2 mission 9.6 pm measurements in the
MLT were performed by all three telescopes, but during
CRISTA-1 only one of the telescopes was used in this
altitude region. Figure 1 shows the solar zenith angles
(SZA)- and local time (LT)- latitude coverage for both
CRISTA missions. For a given latitude, observations are
made at two different local solar times and at different solar
zenith angles. The limb observation geometry together with
the attitude capabilities of the ASTRO-SPAS satellite
allowed atmospheric volumes to be scanned beyond the
latitudes covered by the 57° orbit [Grossmann et al., 2002].
Daytime measurements (SZA < 80°) cover 49°S to 61°N for
CRISTA-1 and 18°S to 73°N for CRISTA-2 and nighttime
measurements (SZA > 110°) cover 52°S to 60°N for
CRISTA-1 and 73°S to 16°N for CRISTA-2.

[s] At altitudes above 55 km the ozone 9.6 pm limb
radiance shows a strong diurnal variation [Solomon et al.,
1986]. Figure 2 compares day and nighttime radiance
profiles at two different latitudes, respectively. The thin
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Figure 2. Day and nighttime radiance profiles for
CRISTA-2 (August 8—16 1997) at 0° + 5° latitude (thin
curves) and 50° + 5°N (thick curves). The average local
time for the daytime profiles is 8 h/11 h (thin/thick curve)
and 21 h/18 h for the nighttime profile. The random error is
10~% W/(cm? sr).

(thick) curves are mean intensity distributions at 0° + 5°
(50° & 5°) latitude; the average local time for the daytime
profile is 8 h (11 h) and 21 h (18 h) for the nighttime profile.
Up to 60 km day and night profiles agree within 30%; at 70
km the nighttime profile is a factor of 2 higher. Above 70
km this ratio is latitude-dependent increasing to a factor of 4
at 90 km for the mid-latitude profiles and up to a factor of 9
for the equatorial profiles. This variation is primarily due to
the diurnal variation of the ozone concentration and only to
a lesser extent to the day/night difference in the excitation
mechanisms [Mlynczak and Drayson, 1990a].

3. Non-LTE O; Limb Radiances Modeling

[10] The modeling of the vibrational excitation separates
into two major parts: (1) the solution of the radiative transfer
equation, which relates the local radiation field to the
excitation of ozone in the entire atmosphere and (2) the
coupling of all possible vibrational states assuming steady
state (statistical equilibrium equations). Both parts are
calculated very efficiently with the non-LTE model of
Kutepov et al. [1998]. The multilevel non-LTE problem is
solved using the Accelerated Lambda Iteration (ALI) tech-
nique [Rybicki and Hummer, 1991] and the radiative trans-
fer is calculated line-by-line using the Feautrier method
[Rybicki and Hummer, 1991]. The non-LTE model of ozone
is similar to that introduced by Manuilova et al. [1998]. 1t is
limited to 23 vibrational levels of ozone containing up to 3
v vibrational quanta, 3 vibrational levels of O, and 2
vibrational levels of N,. The chosen vibrational levels are
divided into groups, defined by putting together levels with
similar vibrational energies having a fixed sum of v + v3
numbers and the same v, excitation.

[11] In the model, the recombination reaction produces
ozone in all vibrational modes in the group with the highest
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energy and relaxation is through all levels. The collisional
model takes into account vibrational-translational and vibra-
tional-vibrational transfer between ozone and N,, O, and
atomic oxygen as well as chemical destruction of vibration-
ally excited ozone by atomic oxygen. A detailed description
of the individual excitation processes of the vibrational
levels is given by Manuilova and Shved [1992] and Man-
uilova et al. [1998] (model 1).

[12] The contribution of the CO, emissions for the
radiation in the CRISTA channels is simulated with the
CO; non-LTE model described by Kaufmann et al. [2002].
The importance of the various processes on the ozone
retrieval is discussed in the next section.

[13] Limb spectra measured in the 979-1120 cm™! wave-
number interval are composed of the emissions from differ-
ent bands of ozone and CO,. High resolution daytime limb
radiance spectra showing the various 9—11 pm bands of
CO,; and Oj are published by Edwards et al. [1994] and F. J.
Martin-Torres et al. (manuscript in preparation, 2002). For
the calculation of the CRISTA non-LTE limb radiances we
developed a fast line-by-line radiation code [Kaufinann et
al., 2002]. The optical thickness of the mesosphere is low
for 9.6 pm limb radiance [Edwards et al., 1994] and
therefore it is not necessary to account for overlap of
spectral lines above 50 km [Mlynczak and Drayson,
1990b]. Simulated daytime limb emission spectra for vari-
ous tangent heights convoluted by the instrument line shape
function of CRISTA are shown in Figure 3. The calculation
is for 21°S, 66°W, November 9, 1994 using a background
atmosphere from the GRAM model [Justus et al., 1995] and
a mean CRISTA-1 daytime ozone profile. The dominant
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Figure 3. Simulated spectral contributions in the CRISTA
9.6 pm channel (21°S, 66°W, November 9, 1994) for
tangent heights specified in the plot labels (90, 80, 70, and
60 km). Note the different intensity scaling of the top and
the bottom panel. Black: total radiance, grey: total ozone
radiance, dotted: ozone hotband emissions, shaded: CO,
emissions. The vertical lines indicate the retrieval interval.
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Figure 4. Portion of intensity (1010—1065 cm™") which
stems from the tangent layer and the atmospheric layers
above. The vertical binning is 1 km. The calculation is for
50°S, 149°E, midnight (November 9, 1994).

spectral features are from the O3 main isotope fundamental
band emission, located between 1010 and 1065 cm .
Ozone hotband emissions, primarily the (002—001) and
(011-010) transitions, are visible in the long wavelength
regions of the spectra, but their contribution is 10% or less
for wavenumbers greater than 1010 cm™"'. During daytime,
radiance from the CO, (00011-10002) solar pumped hot-
band give up to 40% contribution in the 1035—1090 cm ™'
region between 65 km and 85 km.

[14] The portion of radiance which stems from atmos-
pheric layers close to the tangent height depends on the
altitude gradient of the ozone profile and the optical thick-
ness of the atmosphere. At 90 km tangent height 65% of the
total radiance (1010—1065 cm ') is emitted from a 2 km-
thick layer above the tangent point (Figure 4). Since the
ozone VMR drops off rapidly with decreasing altitude, the
portion of intensity which comes from the tangent layer is
reduced. At 80 km only 25% of the radiance stems from the
2 km-thick tangent layer. Further down the altitude gradient
of O3-VMR is reversed and the fraction of radiance from the
tangent layer increases again.

[15] The vibrational excitation modeling and the inver-
sion of limb radiances to ozone number densities is per-
formed iteratively in two steps. In the first step the
vibrational excitation of ozone using the non-LTE model
is calculated. In the second step this excitation is frozen and
the measured radiances are simulated with the forward
radiance model. Ozone number densities are retrieved using
the onion-peeling technique [Russell and Drayson, 1972],
i.e. the retrieval steps downwards through the atmosphere,
retrieving ozone at the tangent level using the radiances just
from that level and values of the already retrieved products
above the tangent level. No smoothing constraints for the
adaption of modeled and measured radiances and no
explicit usage of a priori knowledge of ozone densities is
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made. The altitude resolution of retrieved ozone is given by
the vertical increment of two subsequent measurements,
e.g., 2.1-2.6 km.

4. Sensitivity Study and Error Analysis for the O3
Retrieval

[16] The retrieval of ozone densities depends on various
assumptions that are made in the non-LTE modeling of
the 9.6 um limb radiance. In this section we will discuss the
most important uncertainties in the processes affecting the
vibrational excitation of ozone. The dependence of
retrieved ozone on atmospheric quantities such as the
kinetic temperature and the atomic oxygen density will
also be discussed.

4.1. Non-LTE Processes

[17] The non-LTE kinetic models differ mainly in the
number of states they consider, the scheme for calculating
unmeasured collisional rates, the way they assume the O;
vibrational states are populated after the recombination
reaction O + O, + M (nascent distribution), and how they
consider the removal of vibrationally excited ozone by
atomic oxygen.

[18] There are four principal suggestions for the nascent
distribution of vibrationally excited ozone formed in the
recombination reaction: (1) O; is produced in the v3 mode,
only, and the population of the various levels depends on
their vibrational excitation. Rawlins et al. [1985] derived a
statistical vibrational distribution which decreases with
excitation. This approach was used by Mlynczak and
Drayson [1990a] (Simple Single Model), Fichet et al.
[1992], and Zhou et al. [1998]; (2) An “inverse Rawlins
distribution” (F. J. Martin-Torres et al., manuscript in
preparation, 2002), which assumes that the whole manifold
of vibrational states below the energy dissociation limit are
populated after recombination and favors the population of
the higher vibrational states. (3) O; is produced in all
vibrational modes at the highest energy level (4dler-Golden
and Smith [1990], Mlynczak and Drayson [1990a] (“energy
gap” and ‘“Adler-Golden” models), Fichet et al. [1992],
and Manuilova et al. [1998]). (4) A statistical state distri-
bution which results if the entropy change of the reaction is
maximized, i.e. if all final states are equally probable
[Pemberton, 1993].

[19] The importance of the nascent distribution on the
vibrational temperature of daytime O3(001) and on the
change of retrieved ozone is illustrated in Figure 5. The atmo-
spheric condition for daytime is the same as for Figure 3,
the nighttime calculation is for 51°S, 14°E. The main
deviation of the O3(001) vibrational temperature from the
kinetic temperature is caused by the radiative excitation and
a relatively small fraction depends on the recombination
reaction only. These processes change the daytime vibra-
tional temperature by 2 K at 70 km, reaching a maximum
of 8 K at 85 km and decreasing to 6 K at 95 km. The
retrieved ozone densities differ by 14%, 40% and 35%,
respectively.

[20] For the error analysis of retrieved ozone due to the
recombination reaction the difference between case (3) and
the most extreme cases (Rawlins distribution and inverse
Rawlins distribution) is used. Retrieved ozone is typically
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Figure 5. Dependence of (a) the daytime O5(001) vibrational temperature, (b) the retrieved daytime and
(c) nighttime ozone density on the recombination reaction (“chemical source’), the reactant loss via O +
O3 (“chemical loss”) and the chemical loss in combination with the collisional relaxation via atomic

oxygen (“collisional loss”).

affected by 20%; details are given by F. J. Martin-Torres et
al. (manuscript in preparation, 2002).

[21] A second distinctive feature of non-LTE models is
how the chemical excitation relaxes through the different
vibrational modes and in which way atomic oxygen is
involved [Rawlins et al., 1987; Mlynczak and Drayson,
1990a; Manuilova and Shved, 1992; Manuilova et al.,
1998]. The deactivation of O% by atomic oxygen takes
place through vibrational relaxation or by chemical reaction,
but the branching ratio between reaction and quenching is
not well known [Steinfeld et al., 1987]. The rate constants
used in our model are those used in model 1 of Manuilova
et al. [1998].

[22] The vibrational excitation n; of a vibrational state i
can be calculated from a steady state balance between the
production (numerator) and loss processes (denominator):

~_ Pi[O][05][p] + a[Os]
l b[0;]

a=y Jm+ Y k'mM+Y kinfO]
J J J
b=L{O]+ 3 Ji+ > kM + > k(O]
J J J

[23] J; (J;;) are the radiative production (loss) coeffi-
cients. They are almost independent of the ozone concen-
tration, because the atmosphere is optically thin for this
radiation. k,-(j)/ M (k,?/M) are the rate coefficients for collisions
with atomic oxygen (O) and N, + O, (M). [Os], [O], [O-]
and [M] are the number densities of ozone, atomic and
molecular oxygen and N, + O,. p is the total density of the
atmosphere. P; gives the fraction of O% produced in vibra-
tional state i in the O + O, + M recombination reaction and
L; the chemical loss due to the reaction O% + O. This
equation set up for all vibrationally excited levels forms the
statistical equilibrium equations. Unknowns are the (rela-
tive) populations #n;, the ozone and the atomic oxygen
densities. In the mesosphere, ozone and atomic oxygen
are in photochemical equilibrium and the ratio is determined

by the following chemical reactions [e.g., Allen et al.,
1984]:

0+0,+M X 03+ M
0+0; = 20,
H+0; 5 OH+0,
O3+ % 0,40
O;+hv % 0,+0('D)

[24] M is the total density. The densities of atomic oxygen
and ozone are nearly proportional, which leads to the fact
that n; is not explicitly dependent on the atomic oxygen
density, if loss processes with atomic oxygen can be
neglected [Mlynczak and Drayson, 1990a]. At altitudes
where the reduction of vibrationally excited ozone by colli-
sions or chemical reactions with atomic oxygen become
important (>85 km; compare Figure 5), the vibrational
temperature of ozone is no longer independent of the atomic
oxygen concentration. Above 90 km, an enhancement of the
atomic oxygen or ozone concentration leads to a decrease of
the vibrational temperature and to an increase of the retrieved
ozone density. The chemical deactivation of O% changes the
vibrational temperature of daytime O3(001) by 1.5 K at 85
km, 5 K at 90 km and 12 K at 95 km. The retrieved daytime
(nighttime) ozone densities differ by 6% (8%) at 85 km, 20%
(18%) at 90 km and 115% (25%) at 95 km. If the chemical
loss is considered for the O; 010, 001 and 100 modes only
[cf. Mlynczak and Drayson, 1990a], retrieved ozone differs
by 4% (4%) at 85 km, 12% (12%) at 90 km and 90% (20%)
at 95 km. Chemical loss combined with quenching loss by
atomic oxygen affects ozone by 9% (17%) at 85 km, 40%
(50%) at 90 km and 175% (80%) at 95 km. These numbers
give the main difference to ozone that is retrieved by means
of non-LTE models that neglect loss mechanisms with
atomic oxygen [e.g., Mlynczak and Zhou, 1998].

[25] For the error estimation of the CRISTA ozone we
apply the uncertainties in the collisional and chemical rates
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Table 1. Systematic Errors of Retrieved Ozone Densities As a
Percentage®

Non-LTE Model

z, Without  OCP)

km CO, Tyxn® OCP) Instrument OCP)  Only®  RSS
50 15 15 13 25
60 10 14 13 22
70 2¢ 5 13 7 16
85 159 3 5.°5¢ 18 31 15 39
90 2¢ 4 15,244 18 25 15 36
95 24 4 25,° 49 24 21 12 35%42°

“Two values are given, if the errors for daytime and nighttime profiles
differ significantly. The non-LTE model error “without OCP)” contains
uncertainties in the model parameters except for collisional and chemical
loss processes with OC’P), which are listed separately (“OCP) only”). RSS
gives the root sum square of all columns.

PNot for polar summer latitudes.

“Significantly higher if loss processes with O(P) are neglected (for details
see text).

9Daytime profiles.

°Nighttime profiles.

published by West et al. [1978], which result in 12—15%
uncertainty of ozone in the UMLT (Table 1, “Non-LTE
Model OCP) only”). Uncertainties in the collisional rates
with N, and O, for the fundamental levels [Menard et al.,
1992; Doyennette et al., 1992] result in a systematic error of
15% or less.

[26] In the lower mesosphere, the dominant retrieval error
is given by uncertainties in the Einstein coefficients. They
are 5% for the v; fundamental band and up to 200% for hot
bands (J. M. Flaud, private communication, 1998). Below
70 km this is the main source of error and retrieved ozone
densities are affected by 7-13% (Table 1, “Non-LTE
Model without OCP)”).

4.2. Atomic Oxygen

[27] Due to the positive feedback of atomic oxygen on
retrieved ozone above 90 km, the inversion of the infrared
radiances to ozone number densities is no longer well-posed
without an additional constraint. This constraint is intro-
duced as a fixed value of odd oxygen molecules at a specific
altitude. Above 90 km more than 99% of odd oxygen is
atomic oxygen and therefore this is equivalent to a predes-
cribed atomic oxygen profile. In the retrieval atomic oxygen
is taken from the GRAM model for daytime above 90 km
and for nighttime at all altitudes. The influence of this
constraint on the retrieved ozone is examined quantitatively
for daytime and nighttime conditions by the sensitivity &
(Figure 6):

L D0/0;
- AO(3P)/O(P)’

which describes the propagation of uncertainties in O(*P)
into retrieved ozone. Photochemical equilibrium was not
adjusted for the daytime profiles to evaluate the altitude of
the zero-crossing of k. If photochemical equilibrium is
adjusted below 90 km, all daytime values are zero below
this altitude. Whether the amount of atomic oxygen was
increased or decreased at all altitudes simultaneously or at
certain altitudes, only, has scarcely any effect on £, e.g., the
dependence of ozone on the amount of atomic oxygen is
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mostly local. Besides, the sensitivity £ is nearly invariant to
the magnitude of the variations of the initial atomic oxygen
profile, so at a certain altitude retrieved ozone is approxi-
mately proportional to the amount of atomic oxygen. For
daytime k decreases from —0.1 at 60 km to —0.7 at 85 km,
then it increases rapidly to 0 around 90 km and up to 0.3 at
95 km. Qualitatively the altitude course of the nighttime
profile is very similar. The negative feedback below 85 km is
weaker than for daytime, because the OCP)/0; ratio is much
smaller or zero in the night.

[28] The uncertainty of atomic oxygen is determined by
the quantities needed for the calculation of the photochem-
ical equilibrium with ozone. The rate constants are taken
from DeMore et al. [1997] and the photolytic rate constants
are calculated by means of a photochemical model [Lary,
1991]. The atomic hydrogen profile is taken from MSIS-90
[Hedin, 1991]. If a 15% uncertainty in the Hartley band
photolysis rate is assumed, it results in 2—4% uncertainty in
the retrieved ozone [Mlynczak and Zhou, 1998]. A 50%-
uncertainty in atomic hydrogen [cf. Thomas, 1990] affects
retrieved ozone at maximum 6% at 82 km. The sum of both
is given in Table 1.

[20] For nighttime conditions an accuracy and precision
of 50% of the atomic oxygen model profiles is assumed [cf.
Thomas, 1990]. This affects retrieved nighttime ozone
densities by 15% around 80 km, 5% at 85 km, 15% at 90
km and 25% at 95 km.

4.3. Kinetic Temperature

[30] Kinetic temperature is another important factor in the
retrieval of ozone from 9.6 um radiance. The dependence on
the kinetic temperature is extremely nonlocal in the upper
mesosphere, because the vibrational excitation of ozone is
mainly determined by upwelling radiation. To investigate

Altitude [km]

Sensitivity k

Figure 6. Sensitivity & of retrieved ozone to variations of
the atomic oxygen density profile; the magnitude (multi-
plicative factor) is displayed in the legend. The atmospheric
condition is the same as for Figure 5.
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Figure 7. Sensitivity of the retrieved ozone density to
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z > 85 km.

this dependence, temperature shifts above or below a certain
altitude were applied to the nominal profile. The magnitude
of the shifts is 2 K, which is the typical uncertainty of the
CRISTA temperatures [Riese et al., 1999]. Hydrostatic
equilibrium is adjusted in all cases.

[31] A temperature decrease of 2 K applied at all altitudes
below 50 km, which is the lower boundary of the meso-
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spheric ozone retrieval, is taken to estimate the uncertainty
of ozone due to the error of the stratospheric temperatures.
This temperature shift (Figure 7) has no effect on the ozone
retrieval in the lower mesosphere, because the vibrational
states of ozone are mostly in LTE at these altitudes and
therefore they are not affected by changes in the upwelling
radiation. In the UMLT the upwelling radiation becomes
important for the excitation of vibrational modes and there-
fore daytime ozone increases by 2—3% and nighttime
profiles by up to 4% due to the decrease in the stratospheric
temperatures.

[32] Uncertainties of the temperature profile in the lower
mesosphere, where the ozone retrieval compensates the
decrease of temperature by an increase of ozone density,
are much more important. A temperature decrease of 2 K
applied at all altitudes above 50 km raises the ozone density
by 10—15% between 50 and 60 km. The increase of ozone
density in this altitude regime increases the optical thickness
of the atmosphere for upwelling radiation and the upwelling
radiation is depleted. Therefore UMLT ozone must be
increased up to 5% to balance this effect.

[33] If the same temperature shift is applied at altitudes
above 75 km, only, there is scarcely any effect on the ozone
density retrieval. One reason is that the ozone density is
too low to filter significant parts of the upwelling radiation
and the second is that the temperature dependence of the
quenching rates is relatively low.

[34] For the ozone density retrieval the operational
CRISTA temperatures, which were retrieved without
accounting for non-LTE effects, are used up to 90 km.
Between 75 and 90 km CRISTA temperatures are merged
smoothly into GRAM temperatures and above 90 km only
GRAM temperatures are used. Figure 8 shows the differ-
ence between these temperatures and the preliminary
CRISTA-2 temperatures, which were derived using a non-
LTE model [Grossmann et al., 2002]. For nonpolar latitudes
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Figure 8. Sensitivity of the ozone retrieval on the very low temperatures at the polar summer
mesopause. (a) Difference between the upper mesospheric temperature profiles from the GRAM model
and the preliminary CRISTA-2 temperatures for polar summer latitudes (>65°N, curve a.l) and other
latitudes (curve a.2). Curve a.3 is a fit to curve a.l (for details see text). (b) Ozone density difference for
daytime (b.1) and nighttime (b.2) conditions on the temperature shift shown in curve a.3. (¢) Dependence
of the daytime ozone difference on the choice of the vertical coordinate. Curve c.1: ozone densities
compared on geometric altitudes z (c.f curve b.1); curve c.2: ozone VMRs compared on z; curve c.3:

ozone VMRs compared on pressure levels.
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the globally averaged difference is within =5 K, but for high
northern (polar summer) latitudes the non-LTE temperatures
are 15 K colder at the mesopause. Since the CRISTA non-
LTE temperatures at the polar summer mesopause agree
very well with temperatures obtained by in-situ techniques
[Grossmann et al., 2002], this difference is taken to estimate
the error of the polar summer mesopause ozone densities.
The increase of the CRISTA non-LTE temperatures above
90 km depends strongly on the atomic oxygen profile used
in the retrieval. To study the effect of the cold mesopause on
the O; retrieval, only, the temperature depletion at 85 km is
fitted by a Gaussian (compare Figure 8a, profile a.3) and is
used for the further analysis.

[35] If ozone density vs. geometric altitude is considered,
this temperature shift affects the retrieved ozone densities
by less than 5% (compare Figure 8b). If ozone VMR vs.
geometric height is analyzed, the change of the hydrostatic
pressure p;, (13% at 85 km, 22% at 90 km) and the
temperature dependence of the total density p according to
the ideal gas law is important. The explicit temperature
dependence of p is opposite to the temperature dependence
of p,. As a result, p decreases up to 4% at 75—85 km and
increases above (17% at 90 km). In consequence, the ozone
VMR difference vs. geometric height is similar to the O;
density difference in the mesosphere but rises rapidly up to
—35% in the lower thermosphere (compare Figure 8c).

[36] If ozone VMRs are compared on pressure levels,
differences become much larger due to the extreme altitude
gradient of the ozone VMR profile (e.g., +10%/km < 70
km, —30%/km at 85 km). At 5-10 >mbar (approx. 85 km)
the corresponding geometric altitudes differ by 0.35 km,
which corresponds to a 10% change in the ozone VMR.
Therefore, the ozone VMR difference vs. pressure height is
up to 20% in the upper mesosphere.

4.4. Instrumental Effects

[37] The accuracy of the derived ozone profiles reported
here critically depends on the accuracy of the calibration of
the CRISTA 9.6 pm channels. Raw data corrections and the
radiometric and wavelength calibrations are described in
detail by Riese et al. [1999]. The most significant error in
the radiometric calibration of the mesospheric channels is
stray-light in the baffle system of the telescope during the
calibration and in-flight stray-light in the spectrometer. The
uncertainty of the 9.6 pm radiance due to these effects is
typically 2% below 70 km, 6% (10%) at 85 km and 16%
(11%) at 95 km for daytime (nighttime) profiles. The
nonlinear relaxation character of the detectors enhances
the uncertainty by 4% [Ern, 2000]. Another disturbing
effect which must be taken into account is the accuracy
with which the line of sight of the spectrometers can be
determined. The accuracy of the tangent height determina-
tion is 300 m, which affects retrieved ozone density (versus
height) typically by 10%. In total, the systematic error of
retrieved ozone due to instrumental effects is typically 15%
in the mesosphere and 25% in the lower thermosphere.

[38] The precision of CRISTA ozone is affected by
detector noise, remaining effects of raw data corrections
and the tangent height determination. The influence of
these error sources was analysed by means of Monte Carlo
simulations. The random error of retrieved daytime (night-
time) ozone due to instrumental effects is 2% (2%) at
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Figure 9. (a) CRISTA-1 and -2 wavenumber integrated

radiance measurements (1010—1065 cm™"). (b) Retrieved
ozone VMRs. Curve 1 shows CRISTA-1 daytime scan 201
at 39°S, 123°E on November 4, 1994; curve 2 is CRISTA-1
nighttime scan 10412 at 51°, 109°W on November 9, 1994
and curve 3 was measured during nighttime at 70°S, 73°W
on August 15, 1997 during CRISTA-2 (scan 12788).

60 km, 6% (3%) at 70 km, 30-50% (10-20%) at the
ozone minimum around 78 km, 20—30% (6—7%) at 85 km,
and 100% (15%) at 95 km.

4.5. Summary of Errors

[39] Table 1 summarizes the systematic errors of retrieved
ozone depending on the a priori information of the atmos-
pheric state, uncertainties in the non-LTE model parameters
and instrumental effects. In the lower mesosphere uncer-
tainties in the kinetic temperature, the non-LTE model and
measurement uncertainties are similar, resulting in a system-
atic error of 20—30% in retrieved ozone. In the upper
mesosphere uncertainties in the non-LTE model parameters
are most significant, followed by instrumental effects. The
typical systematic error is 30—40% in this altitude region.
However, the good agreement between the CRISTA ozone
data and ozone measurements by means of other techniques
(see below) indicates that the uncertainty in the UMLT may
be significantly lower (less than 25%).

[40] The precision of retrieved ozone densities is domi-
nated by the instrumental error sources. The random error of
the kinetic Temperature (1 K) can be neglected. The
precison of atomic oxygen is relevant for the retrieval of
nighttime ozone, only. Above 85 km it affects ozone to the
same degree as the instrumental error.

5. Results

[41] Figure 9a shows three wavenumber integrated radi-
ance profiles from the two CRISTA missions. Curve 1 and 2
represent mid latitude daytime and nighttime profiles during
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Figure 10. Comparison of measured (crosses) and simu-
lated spectra (solid lines) for CRISTA-1 daytime scan 201
(compare Figure 9) for 61.7 km, 74.9 km and 93.6 km
tangent altitude.

CRISTA-1 whereas scan 3 was measured at high southern
latitudes during CRISTA-2. Model calculations using the
ozone VMRs in Figure 9b fit these radiance profiles to 1.5%
or better at all altitudes. Measured and simulated spectra
(Figure 10) agree very well and there are no systematic
discrepancies in the spectral fitting. At the stratopause the
profiles show ozone VMRs of 1-2 ppmv. Higher up, the
ozone VMR decreases with altitude, having a deep mini-
mum of 0.1-0.5 ppmv around 75-80 km. At higher
altitudes the mixing ratio is increasing again, reaching 1.5
ppmv for the daytime profile and 8§8—12 ppmv for the
nightime profiles. The secondary maximum, which is sup-
posed to be around 92 km, is not clearly resolved in the
CRISTA data, because the altitude of the maximum coin-
cides with the upper boundary of the ozone retrieval. The
local maximum around 72 km of curve 3 appears in all
profiles at the polar night terminator and will be discussed
later.

[42] Figure 11 shows a comparison between two daytime
mean CRISTA-1 and CRISTA-2 ozone profiles for the same
latitudes (15—30°N) and similar local times. Both profiles
agree within 10-20% at all altitudes and the difference
between them is much smaller than their variability about
the mean profile. A mean CRISTA-2 profile is also com-
pared with ozone derived from the HRDI dayglow measure-
ments [Marsh et al., 2002] and with MLS data [Livesey et
al., 2003] (Figure 12). All profiles are for August, between
50°N and 60°N, and mainly 14—16 h local time.
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[43] The MLS data was cut above 85 km since the
vertical resolution degrades from 6—7 km below 80 km to
12—15 km at higher altitudes (L. Froidevaux, personal
communication, 2002). With the exception of the ozone
minimum, the CRISTA, HRDI and MLS profiles differ by
less than 30%, which is usually less than their individual
uncertainty. The variability of the CRISTA profiles is 20—
30% in the upper mesosphere, 20—50% for the HRDI and
100—200% for the MLS data.

[44] Nighttime measurements of mesospheric ozone are
very rare in comparison with the daytime measurements.
Except for the microwave data no comprehensive global
data set of nighttime ozone in the UMLT exists so far.
Therefore it is not always possible to compare ozone
profiles that match in all important conditions like season
of the year, local time, and latitude. During the first hours of
the night the ozone concentration varies significantly,
because the conversion of odd oxygen to ozone just after
sunset can take a few hours in the middle mesosphere
[Prather, 1981]. Above 80 km the situation is different.
The ozone concentration peaks just after sunset and
decreases throughout the night due to loss reactions with
odd hydrogen (HO,). Just after sunset the ozone concen-
tration can be increased by a factor of 10 (at 84 km) in
comparison with the midnight value [Prather, 1981].

[45] Figure 13a shows a comparison between CRISTA-1
and CRISTA-2 nighttime ozone VMRs for the same latitude
(40-55°S) and local time (23—3 h LT). The two CRISTA
profiles agree well below 75 km, but above this altitude the
CRISTA-2 profile is higher by up to a factor of 5. At the
altitude of the secondary ozone maximum both CRISTA
profiles show similar values of 7—-9 ppmv. However, the
difference of the CRISTA-1 and -2 profiles is smaller than

T T L T T T T L I T
/
90 |~ —
r
80 - L =
N

El
,Ai - .
Q
kel
=
5 10 —
<

60 — —

—— CRISTA-1
— CRISTA-2
50 1 1 1111 I 1 1 1 1 1111 I 1
0,1 1
O, vmr [ppmv]

Figure 11. Volume mixing ratios of daytime ozone at 15—

30°N. The CRISTA-1 (CRISTA-2) profile is a mean of 39
(21) single profiles at 8.1-9.6 h LT (7.5-8.5 h LT). The
shaded area indicates the variability (standard deviation
about the mean) of the CRISTA-1 profile.
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Figure 12. Volume mixing ratios of daytime ozone in
comparison with other experiments. The CRISTA-2 curve is
a mean of 35 profiles for 50—-55°N, 15—-18 h LT in August
1997. Error bars represent the systematic errors and the
shaded area indicates the variability o (standard deviation
about the mean). The HRDI data (mean of 55 single
profiles) is for August 1997, 50—60°N, 14:30—15:30 h LT.
The MLS data (183 GHz, version 5, mean of 128 single
profiles) is for August 1992, 50—55°N, 14—16 h LT. Green
and violet numbers indicate the variability o of the MLS and
HRDI data at selected altitudes.
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the combined standard deviation. The MLS profile also
shown in the figure was taken under similar conditions as
the CRISTA-2 profile (August 1997, 40—55°S), and agrees
very well with the CRISTA profiles up to 75 km. The ozone
minimum between 75 km and 80 km is less sharp in the
MLS data, which is a consequence of the coarse altitude
resolution of the MLS data.

[46] A comparison of the CRISTA-1 profile with CIR-
RIS-1A [Zhou et al., 1998] and MAS [Bevilacqua et al.,
1996] data is shown in Figure 13b. The CIRRIS-1A ozone
densities were converted to VMRs using MSIS-90 total
densities. The agreement between the different profiles,
which are all taken 20—50 days after equinox (40—55°S;
22.8-3 hr LT), is within 30% at most altitudes and as large
as the seasonal variation of the HRDI and MLS data.
Especially the ozone VMR at the secondary maximum is
very similar (8 ppmv). The comparison between CRISTA-1
and CIRRIS-1A ozone around 25-35°S (Figure 13c) gives
a similar agreement. The difference at the ozone minimum
at 78 km is much smaller in this case. The agreement of the
various data sets is usually better than the combined
uncertainties.

[47] The Ilatitudinal distribution of CRISTA ozone is
shown in Figure 14. Since space and local time varies
simultaneously along the CRISTA orbital track and cannot
be fully resolved due to the short duration of the CRISTA
missions, these latitudinal distributions are significantly
biased by the diurnal variation of ozone. The CRISTA-1
daytime data exhibit minimum ozone values above 80 km at
the equator and two maxima at 90 km and mid latitudes.
The CRISTA-1 nighttime data shows much stronger latitu-
dinal structures: The CRISTA-1 data above 70 km are
generally smaller in the southern hemisphere. Between
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Figure 13. Volume mixing ratios of nighttime ozone in comparison with other experiments. (a) The
CRISTA-1 curve (November 1994) is a mean of 120 single profiles; the CRISTA-2 profile (August 1997)
is a mean of 17 single profiles and the shaded area indicates the variability o (standard deviation about the
mean) of the CRISTA-2 profile. Error bars represent the systematic errors. The MLS curve (183 GHz,
version 5) is for August 1992. The green numbers indicate the variability o of the MLS data at selected
altitudes. All three profiles are for 40—55°S, 233 h LT. (b) The CRISTA-1 profile is from plot a); the
shaded area indicates the standard deviation of this profile. The CIRRIS-1A curve is a mean profile for
44°S, 22:49 h LT, measured in April/May 1991 and the MAS data is for 55°S, SZA > 110°, 8—15 April
1993. (c) The CRISTA-1 profile (mean of 11 single profiles) with its standard deviation is for 25—35°N,
20-21 h LT. The CIRRIS-1A data is for 28°S, 1:42 h LT in April/May 1991.
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Figure 14. Latitudinal cross sections of ozone volume mixing ratio. Since space and local time varies
simultaneously, approximative local times are given in the upper axes (for ascending and descending
nodes of the orbit in case of CRISTA-2). The data was smoothed with a 5° - 5 km block-mean. The
contour intervals are 0.125,0.25,0.5,1,2,4,6. .. ppmv. (a) CRISTA-1 daytime (b) CRISTA-1 nighttime (c)

CRISTA-2 daytime (d) CRISTA-2 nighttime.

50°S and 60°N the ozone VMR versus geometric altitude
varies by a factor of 5—10 at 80 km, a factor of 6 at 85 km
and a factor of 2 at 90 km. The latitudinal gradient of ozone
VMR versus pressure height (not shown) is a factor of two
between 50°S and 60°N above 80 km and is constant with
altitude. Additionally the CRISTA-1 nighttime data show a
mixing ratio maximum above 80 km at the equator. These
features are also present in the MAS nighttime ozone data
[Bevilacqua et al., 1996]. The CRISTA-2 nighttime data
above 70 km shows much higher values at high southern
latitudes: Between 70°S and 10°N the ozone VMR at polar
latitudes is increased by a factor of 5—10 (80 km), 3 (85 km)
and 2 (90 km). At high polar winter latitudes (>60°S) there
is a distinctive ozone VMR maximum centered at 72 km in
CRISTA-2 nighttime ozone (compare Figure 9, profile 3).
The enhancement in the vertical is up to 50% and up to a
factor of 3—4 in comparison with low latitudes. This
enhancement is well above the variability and the system-
atic error of the profiles. This maximum was also observed
by MLS in southern as well as northern polar winter
latitudes (http://mls.jpl.nasa.gov/).

[48] The model analysis of Marsh et al. [2001] indicates
that this maximum is the result of a decrease in atomic
oxygen losses by catalytic cycles involving odd hydrogen,
which is produced by water vapor photolysis. The optical
thickness of the polar winter middle mesosphere is sig-
nificantly higher for water vapor photolysis in comparison
with molecular oxygen photolysis and yields an increase
of atomic oxygen and ozone. The photochemical lifetime
of odd-hydrogen and -oxygen (2—3 h at 72 km) is much
less than the dynamical timescale (at 72 km several days
for vertical and meridional transports) and transport effects
are unimportant for the explanation of the third ozone
maximum.

[49] The latitudinal distribution is compared with 3D
model calculations performed by the ROSE model [Rose
and Brasseur, 1989; Marsh et al., 2001]. The altitude range
of the model is 17.5 km to 110 km. ROSE incorporates
chemistry for 27 species, including reactions important for
odd-oxygen and odd-hydrogen. The photolysis rate coeffi-
cients were calculated with the TUV model [Madronich and
Flocke, 1998]. The ROSE inputs for this study are consis-
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Figure 15. Latitudinal cross sections of ROSE ozone VMR for November 4, 1994. The contour
intervals are 0.125,0.25,0.5,1,2,3,4,5. .. ppmv. (a) Sampled along the CRISTA-1 orbital track using the
local times of the CRISTA measurements. (b) 0° longitude, 21 h LT. Latitudes are from the CRISTA-1
orbital track. (c) Compare Figure 15b, but for 3 h LT.
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tent with the conditions that prevailed during November
1994: We used the NCAR global-scale wave model to
specify migrating diurnal and semidiurnal tidal fields [e.g.,
Hagan et al., 1999] and NCAR National Center for Envi-
ronmental Predictions (NCEP) reanalysis data (geopotential
height, temperature, and horizontal winds) (http://dss.ucar.
edu/pub/reanalysis/) accounted for the prevailing planetary
wave activity at the 17.5 km lower boundary. The model
data is sampled along the orbital track of the CRISTA-1
measurements in space and time (Figure 15a) and in space
for fixed local times (Figures 15b and 15c).

[s50] Minimum ozone values are at similar altitudes and
latitudes in the measured and modelled data and the
absolute values are smaller than 0.25 ppmv in both data
sets. Ozone mixing ratios at the secondary maximum are
higher in the CRISTA data (e.g., 12 ppmv at the equator) in
comparison with the model (9 ppmv). The model data
indicate the formation of a third ozone maximum at high
northern latitudes for November 4, 1994, which is not
present in the CRISTA-1 measurement. The latitudinal
gradient in CRISTA-1 nighttime ozone is in general agree-
ment with the model results: Mixing ratios at high southern
latitudes are generally lower in both data sets.

[s1] The ROSE model data indicate that the latitudinal
gradients of ozone are significantly influenced by solar tides
in the equatorial region. The downward transport of atomic
oxygen due to the tides yields a strong enhancement of
equatorial ozone in the upper mesosphere of up to a factor
of ten and shows a strong nocturnal variation (compare
Figures 15b and 15c). The dynamical influences on the
diurnal behavior of ozone at high northern latitudes are
investigated by Bjarnason et al. [1987]. A detailed study of
the impact of solar tides on the CRISTA ozone distribution
will be presented elsewhere.

6. Summary

[52] Spectral limb radiance data for O; 9.6 pm emissions
obtained in the CRISTA-1 and -2 missions have been
analyzed. A non-LTE model was used to perform the
inversion of radiances to O; number densities. In particular
we report here the first massive single profile retrieval of a

global data set of upper mesospheric ozone obtained by an
infrared emission measurement. This paper describes the
data set, retrieval method and an error analysis of the
CRISTA ozone profiles.

[53] Altitude profiles of ozone show 1-2 ppmv at the
stratopause, a distinct ozone minimum having less than 0.5
ppmv around 80 km and indicate ozone VMRs of typically
1 ppmv during daytime and 10 ppmv during nighttime at
the secondary maximum.

[s4] Upwelling radiation from the lower atmosphere is
one of the most important excitation mechanisms of the
emitting ozone molecules in the UMLT. Important sources
of error in the lower mesosphere are uncertainties in the
Einstein coefficients, in the kinetic temperature, and the
instrumental errors; in the upper mesosphere uncertainties in
the non-LTE model parameters and the instrument calibra-
tion dominate the total error of retrieved ozone.

[s5s] A comparison of day and nighttime ozone obtained
by CRISTA and other measurements was made. The day-
time data agree better than 25% with HRDI and MLS data.
The nighttime data agrees very well with CIRRIS-1A and
MAS nighttime ozone.

[s6] The global distribution of CRISTA nighttime ozone
shows distinctive latitudinal gradients and a characteristic
maximum in the equatorial upper mesosphere. Calculations
with the ROSE 3D atmospheric model indicate that this
maximum is formed by downward transport of atomic
oxygen due to atmospheric tides and that the latitudinal
distribution is strongly biased by thermal tides. A third
ozone maximum at 72 km is observed in CRISTA-2 night-
time ozone at high southern polar latitudes. Differences in
the optical thickness of the atmosphere at these latitudes
favor the photochemical production of odd oxygen in
comparison with odd hydrogen and cause the formation of
this maximum.
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