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1 Introduction

Small- and medium-scale structures play an important role in atmospheric dynam-
ics and photochemistry. This has been demonstrated, for example, by simultaneous
observations of ground-based, balloon-borne, and rocket-borne (GBR) experiments
(e. g. Offermann, 1994), by high-altitude aircraft observations (e. g. Bacmeister et al.,
1996), and by results from three-dimensional models (e. g. Rood et al.; 1991, Rose and
Brasseur, 1989). Limb observations of atmospheric temperature and trace gas fields
from satellites provide a wealth of data for investigations of dynamical and photochem-
ical structures in the middle atmosphere with global coverage. However, present-day
limb-sounding instruments lack horizontal resolution. The Cryogenic Infrared Spec-
trometers and Telescopes for the Atmosphere (CRISTA) instrument aboard the Shut-
tle Palette Satellite (SPAS) [Offermann et al., 1999] was developed for global limb
measurements of trace gas emissions in the infrared region with improved horizontal
resolution (typically 6° in longitude and 3° in latitude). The main scientific objec-
tive was to study small- and medium-scale structures in stratospheric trace gas fields
which result, for example, from planetary wave breaking (e. g. McIntyre and Palmer,

1983) and associated transport processes (e. g. Rose and Brasseur, 1989).

At the beginning of the CRISTA project it was not clear to what extent small
and medium-scale structures would be present in the atmosphere. The experiment
was thus exploratory in nature and relatively short missions lasting about a week
appeared to be adequate. The instrument was especially designed to operate during
missions of NASA’s Space Shuttle. It was successfully flown during the missions STS
66 (November 1994) and STS 85 (August 1997). The first flight in early November
1994 was part of the ATmospheric Laboratory for Application and Science 3 (ATLAS-
3) mission of NASA (Kaye and Miller, 1996). CRISTA-1 was launched aboard the
Space Shuttle Atlantis into a 300 km, 57° inclination orbit. During a free-flying period
of seven days about 50,000 height profiles of limb-radiance spectra were measured by
using a number of different measurement modes, including scans of different altitude
regions of the atmosphere, and some calibration modes (Section 2). The latitudinal
coverage was from -57° to +67°. CRISTA-2 was launched on August 7, 1997 by Space
Shuttle Discovery (300 km circular orbit, 57° inclination). During this mission the

latitudinal coverage of the observation was extended to the latitudinal band from



-74° to +74° by utilizing the maneuver capabilities of the CRISTA-SPAS satellite
(Grossmann, 2000).

Atmospheric temperature and trace gas distributions retrieved from CRISTA radi-
ance observations demonstrate that the instrument is well suited to resolve dynamical
structures such as atmospheric waves and effects of transport processes (Sections 3 to
5). Atmospheric waves such as planetary waves, gravity waves, and tidal oscillations
play an important role in the dynamics of the atmosphere, e. g. in the mean circula-
tion. Vertically propagating waves generated in the troposphere provide, for example,
a large fractions of eddy momentum and heat fluxes in the middle atmosphere (Holton,
1975). The stratospheric meridional circulation is predominantly driven by planetary
waves. In the winter hemisphere mass is transported poleward as a result of wave
breaking. Conservation of mass leads to downward motion in the polar region and
upward motion in the tropics, whereby the mean vertical velocity at a given level
is controlled by the integrated wave dissipation above this level (downward control
principle, e. g. Haynes et al., 1991). Planetary waves drive the mean meridional cir-
culation and at the same time facilitate quasi-horizontal mixing of chemical species.
Transport effects are most pronounced in the stratospheric surf zone (e. g. McIntyre
and Palmer, 1983), which connects the tropical transport barrier (e. g. Trepte et al.,
1993) with mid-latitudes. As shown in Sections 3 to 5, high resolution trace gas fields
measured by CRISTA are ideally suited for studies of such stratospheric transport
processes. In addition, CRISTA observations provide valuable information on trace
gas transport at higher altitudes. In the stratopause region (50 km) circulation cells
arising from inertially unstable conditions appear to play a significant role in tracer

transport (Section 3.2).

Planetary waves are always present in the winter stratosphere with highly variable
amplitudes and phases. The quasi-stationary planetary wave-one is the most pro-
nounced feature in the northern winter hemisphere, while the southern hemispheric
winter circulation is dominated by traveling planetary waves. During both missions,
CRISTA observed pronounced planetary wave activity causing large deviations from
zonal symmetry. At the beginning of the CRISTA-1 period the stratospheric dynam-
ics was dominated by a pronounced wave-two structure, which decayed in favor of
a planetary wave-one during the course of the mission. The large wave activity was

associated with relatively large exchange of tropical and extra-tropical air, mainly in



form of planetary-scale tongues of tropical and polar air (Section 3.3). Similar results
were obtained for the southern hemispheric winter stratosphere during the second
CRISTA mission. Pronounced traveling planetary waves caused a stratospheric surf

zone containing air masses of highly variable mixing ratio values.

High resolution stratospheric trace gas distributions measured by CRISTA are
ideally suited to test the ability of chemical transport models (CTM) to produce ac-
curate synoptic trace gas distributions and to account for the important transport
processes discussed above. For this reason, simulations of the CRISTA measurement
periods were performed with a three-dimensional CTM, which combines the trans-
port and chemistry codes of the National Center for Atmospheric Research (NCAR)
Research on Ozone in the Stratosphere and Its Evolution (ROSE) model (e. g. Rose
and Brasseur, 1989) with wind and temperature fields provided by the UK Meteoro-
logical Office (Swinbank and O’Neill, 1994). In general, very good agreement is found
between measured and simulated trace distributions (Section 4). For quantitative
studies of transport and photochemical processes, the ROSE CTM was used as the
core of a sequential data assimilation system (Section 5). The assimilation system
provides synoptic distributions that are consistent with the CRISTA measurements
at each time step of the model (20 min). Data gaps are filled and the measured trace
gas fields are extrapolated towards higher latitudes, which are not accessible to ob-
servation. In addition, the assimilation system provides distributions of unmeasured
species (consistent with measured species). All trace gas fields are available on the
temporal and spatial grid of the meteorological fields. This allows for quantitative
studies of dynamical processes such as the influence of eddy fluxes on the temporal
evolution of the background atmosphere (Section 5.2). In addition, the assimilation
system can be used to separate dynamical and photochemical processes in simulations

of short-lived species such as NOy and N2Oj (Section 5.3).



2 The CRISTA experiment

2.1 Measurement technique

Global measurements of atmospheric infrared emissions provide the opportunity to
derive distributions of a variety of minor constituents simultaneously. A number
of experiments have therefore used the limb-sounding technique to measure infrared
emissions of atmospheric trace gases. This technique yields good spatial coverage as
well as good horizontal and vertical resolution. In addition, it allows measurements
during daytime and nighttime. Global limb measurements of thermal emissions of
atmospheric trace gases were performed by several instruments. The LIMS (Limb
Infrared Monitor of the Stratosphere) [Gille and Russell, 1984] and SAMS (Strato-
sphere and Mesosphere Sounder) [Drummond et al., 1980] instruments aboard the
NIMBUS 7 satellite were launched in October 1978 and provided seasonal cycles of
several trace gases. More recently, the CLAES (Cryogenic Limb Array Etalon Spec-
trometer) [Roche et al., 1993] and ISAMS (Improved Stratosphere and Mesosphere
Sounder) [Taylor et al., 1993] instruments performed emission measurements aboard
the Upper Atmospheric Satellite (UARS), a platform with nine instruments for a com-
prehensive study of the chemistry, dynamics, and energetics of the upper atmosphere
(Reber, 1985). There are several upcoming limb-viewing instruments sensing infrared
emissions of atmospheric trace constituents including the SABER (Sounding of the
Atmosphere using Broadband Emission Radiometry) radiometer (Mlynczak, 1997) on
NASA’s TIMED (Thermosphere Ionosphere Mesosphere Energetics and Dynamics)
satellite and the MIPAS (Michelson Interferometer for Passive Atmospheric Sound-
ing) instrument (Endemann et al., 1993) on board ESA’s ENVISAT platform. The
High Resolution Dynamics Limb Sounder (HIRDLS) [Gille and Barnett, 1992] and
the Tropospheric Emission Spectrometer (TES) [Beer, 1996] will fly on board NASA’s
Earth Observing System AURA (EOS AURA) satellite in 2003.

The Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere instru-
ment (CRISTA) aboard the Shuttle Palette Satellite (SPAS) [Offermann et al., 1999
was developed to provide global measurements of atmospheric infrared emissions with
increased horizontal resolution. The limb-scanning technique is used to measure ther-
mal emissions (4 - 71 pm) of selected atmospheric trace gases with unprecedented

horizontal resolution. The instrument is mounted on the reusable CRISTA-SPAS



satellite ( Wattenbach and Moritz, 1992) which is released from the Shuttle and oper-
ates at a distance of 50 - 100 km behind it (Figure 1). The CRISTA-SPAS satellite
includes a star tracker for very accurate attitude control. The platform also houses
the MAHRSI (Middle Atmosphere High Resolution Spectrograph Investigation) in-
strument which performs UV measurements of OH and NO in the middle atmosphere
(Conway et al., 1999). After its missions the CRISTA-SPAS satellite is retrieved by
the Shuttle.

For improved horizontal resolution CRISTA uses 3 telescopes that sense the at-
mosphere at angles 18° apart. The detectors and the optics are cooled by cryogenic
helium. This results in high sensitivity of the infrared detectors, and consequently,
high measuring speed and high spatial resolution. Altitude scans are performed by us-
ing tiltable mirrors. The incoming radiance is analyzed by four grating spectrometers
with a spectral resolution of about 500. Each telescope feeds a spectrometer for short
wavelength from 4 to 14 pm. The center telescope feeds, in addition, a spectrometer
for longer wavelength up to 71 um. The large altitude range of the observations (7
to 180 km) allows for comprehensive studies of dynamical features over a wide range
of altitudes (e. g. atmospheric waves). The spectral resolution of the instrument is
sufficient to provide valuable information on the distribution of trace species at low
altitudes, e. g. in the upper troposphere (Schdler and Riese, 2000). A detailed de-
scription of the instrument, tests, calibrations, measured trace gases, and the data

system is given by Offermann et al. (1999) and by Riese et al. (1999a).
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Figure 1: CRISTA measurement configuration
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2.2 Sampling grid and observational geometry

The horizontal net of measurement points is sketched in Figure 2 for four consecutive
orbits during CRISTA-1. The earth rotates underneath the orbital track which is
almost stationary with respect to the sun. The orbital period of about 90 minutes
results in large gaps (2500 km) between subsequent orbital tracks at the equator. In
the case of CRISTA, these gaps are filled by the tangent point tracks of the lateral
telescopes. Each dot in Figure 2 represents complete altitude profiles of more than 15
trace gases. The viewing directions of the three telescopes are separated by 18°. This
yields a horizontal distance between the tangent points of about 600 km across the
flight track. The horizontal distance of two subsequent measurement points (profiles)
along the flight track are on the order 200 to 400 km, depending on the measuring
mode. At the northern and southern turning point of the orbital track a complete
coverage of a latitudinal circle takes about 24 hours. At the equator, a complete cov-
erage takes only 12 hours since the ascending and the descending nodes are separated

by about 180° (12 hours in local time).
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Figure 2: Horizontal sampling grid for four subsequent orbits during CRISTA-1. Each
dot represents complete altitude profiles of more than 15 trace gases. The horizontal
distance of two adjacent profiles along the flight track is on the order of 200 to 400
km, depending on the measurement mode.



Mode ID Objective Altitude Vertical | Step along | Hours
range (km)* | Step (km) | track (km) | of data
1 Stratosphere/ | 16 - 79 (125) 1.5 400 54.6
Mesosphere
2 Stratosphere | 16 - 44 (73) 1.5 200 76.7
M/T Mesosphere/ 60 - 164 2.7 360 4.3
lower
Thermosphere
V/R-1 check of IR 16 - 79 1.5 720 5
detectors
V/R-2 check of TR 16 - 44 3.0 190 5
detectors
H/O oversampling 22-35 0.75 200 15
160.6

Table 1: CRISTA-1 measurement modes

* The altitudes of the long wavelength spectrometer are about 24 km higher than

the numbers given.

For CRISTA-2 the maneuver capabilities of the CRISTA-SPAS satellite were con-
siderably improved. An example of three consecutive orbits during CRISTA-2, in-
cluding a so-called validation orbit, is given in Figure 3. Shown are the footprints
of profiles of a spectrometer (SCS) of the center telescope. The first and the third
orbit are representative of the so-called ping-pong mode. In this mode the viewing
direction was tilted northward in the northern parts of the orbits (and southward
in the southern parts). This way, the latitudinal coverage of the measurements was
extended to 74° N and 74° S. The ping-pong mode was used during most of the
operational time. The second orbit shown in Figure 3 is a validation orbit, where
the viewing direction of the center telescope was directed towards the two main sites
of the CRISTA/MAHRSI validation campaign located at Wallops Islands, Virginia,
USA (37.9° N, 75.5° W), and Hohenpeissenberg, Germany (47.8° N, 11.0° E). These

stations are indicated by the full diamonds in Figure 3.

The CRISTA instrument measures the radiance emitted by the atmosphere along
the line-of-sight (Figure 4). The distance of the tangent point from the instrument
is on the order of 2000 km. The height of the line-of-sight that is closest to the
surface is the tangent height (TH in Figure 4), the corresponding point is the tangent
point. The atmosphere is scanned from high to low tangent heights by tilting the

telescope mirrors with an angle step that corresponds to a tangent height step of



Figure 3: Footprints of the CRISTA spectrometer (open squares) for three subsequent
orbits. The second orbit is a validation orbit with CRISTA pointing at Wallops Island
and Hohenpeissenberg (full diamonds). A dotted line is drawn at 57° N indicating
the orbit inclination.

1.5 km. Typical stratospheric limb-radiance spectra observed during CRISTA-1 are
shown in Figure 5 for a detector channel of the left telescope (SL5).

The limb-viewing geometry yields relatively good vertical resolution since the line-
of-sight segment immediately above the tangent point is relatively large (see Figure 4)
and the total density of the atmosphere decreases greatly with altitude. About 50%
of the measured limb-radiance signal originates from a 2 km thick layer above the

tangent point (assuming optically thin conditions, an infinitesimal field of view, and

% hye = 300 km

3 - ‘ TH satellite orbit

earth sphere

Figure 4: Limb-viewing geometry of one of the CRISTA telescopes. The atmosphere
is scanned from high to low tangent heights by means of a tiltable mirror. During an
altitude scan the mirrors of all three telescopes are tilted simultaneously.



a negligible vertical gradient in the trace gas mixing ratio profile).
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Figure 5: Logarithmic plot of limb-radiance spectra measured by a detector channel
(SL5) of the left telescope in the altitude range from 16.6 to 40.4 km. The emission
at the lowest tangent height is caused by subvisible cirrus clouds (e. g. Offermann
and Spang, 1998)

2.3 Data system

A flowchart of the data evaluation process is sketched in Figure 6. During the two
missions all data were stored on magnetic tape aboard the CRISTA-SPAS satellite.

These recorder data are the basis of four data products (level 0 to level 3).

CRISTA level 0 data contain detector output voltages, signals from the tilting
mirrors of the telescopes and gratings of the spectrometers, and data from about 200
housekeeping channels. The detector signals undergo several corrections (e. g. for
electrical interferences and spikes), before they are converted to limb-radiance spectra
on an instrument sampling grid (level 1 data) by means of several calibration factors,
calibration functions, and CRISTA-SPAS attitude data (e. g. Riese and Offermann,
2000). The fast measurement technique of CRISTA results in a large amount of
radiance data. The radiative transfer calculations required to retrieve atmospheric
pressures, temperatures, and trace gas mixing ratios (level 2 data) are very com-

plex and several iterations of the whole retrieval process (data versions) have to be
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Figure 6: Flowchart of the CRISTA data processing

LEVEL 3

performed in order to achieve high-quality retrieval results. The CRISTA retrieval
therefore uses fast radiative transfer codes based on atmospheric emissivity lookup ta-
bles pre-calculated by means of the Linepak library (Gordley et al., 1994). The lookup
tables were calculated at the spectral resolution of the instrument. This allows very
fast and accurate forward calculations of atmospheric infrared spectra by means of
the Bandpak libraries (Marshall et al., 1994). In general, the measured spectra are
of good quality and instrument effects are well understood. It is therefore possible to
accurately model the measured signals and to perform the retrieval by simple multiple-

emitter onion-peeling retrieval schemes. The resulting level 2 data are atmospheric
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pressures, temperatures, and trace gas mixing ratios on an instrument grid. For fur-
ther analyses, the level 2 data are interpolated to a regular latitude/longitude grid
and common synoptic times (level 3 data) using several gridding methods described

in Section 2.5.

2.4 Data processing and temperature and trace gas retrieval

Global radiance fields

Global limb-radiance distributions are the primary measurement quantity of CRISTA.
In the CRISTA data system, calibrated limb-radiance spectra (see Figure 5) are regis-
tered in terms of limb-radiance profiles. The accuracies of the radiometric calibration
and of the wavelength calibration are on the order of 2% and A\/6 respectively. The
location of each spectrum, i.e. longitude, latitude and tangent height, is derived from
CRISTA-SPAS attitude data and line-of-sight calibrations (tilting angle calibrations
of the primary mirrors). An accurate attitude reconstruction is very important since
the tangent height data enter the pressure and temperature retrieval of CRISTA. The
CRISTA observations take advantage of the CRISTA-SPAS attitude system which
consists of a star camera, two gyro packages, and a GPS receiver. During the CRISTA
missions, the major axis Z of CRISTA-SPAS (Figure 1), which is in the same direc-
tion as the optical axis of the center telescope, pointed at a constant tangent height
of about 63 km. This required the eccentricity of the orbit as well as the earth’s
oblateness to be taken into account. The in-flight accuracy of the tangent height of
the CRISTA-SPAS 7 axis is on the order of 250 m. The post-flight accuracy is of the
order of 70 m at the tangent point. The alignment between the CRISTA-SPAS atti-
tude system and CRISTA was determined by laboratory measurements. Knowledge
about the alignment was verified (and improved) by means of in-flight line-of-sight
calibrations using the planet Mars (CRISTA-1) and the planet Jupiter (CRISTA-2)
as calibration sources. The overall accuracy of the tangent height reconstruction is on
the order of 200 to 300 m for CRISTA-1 and about 100 m for CRISTA-2. Knowledge
of the relative spacing of the tangent points of individual profiles is on the order of
60 m. This allows for accurate pressure and temperature retrievals, and thus, reli-
able calculations of geopotential heights, geostrophic wind fields, and distributions of

potential vorticity (see for instance Section 3.2).
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A global distribution of spectrally integrated radiances (840 to 855 cm ™!, see part
of Figure 5) is shown in Figure 7 for the 18 km altitude level. The radiance distribu-
tion was measured on November 6, 1994 by using the stratospheric measuring mode
(Mode 2, see Table 1). The radiance values are shown at the horizontal sampling
grid of the instrument. The measuring tracks of the three telescopes can easily be
identified in Figure 7. Each colored square represents a complete altitude scan in the
altitude range from 15 km to 45 km with an altitude step of 1.5 km. The spectral
interval from 840 to 855 cm ™! essentially represents CFC-11 in the lower stratosphere.
There are some overlapping emissions of aerosol, HNOj3, and ozone in this spectral
region, however, only about 20 to 30% of the total. Since the influence of the atmo-
spheric temperature field is moderate, structures in the CFC-11 radiance field are a
proxy for structures in the CFC-11 mixing ratio field (unless atmospheric temperature

variations become too large, i. e. in case of a minor warming).

Radiance [Watt/cm?® sr]

DAY 310 -
18 km 1.5e-06 6.2e—06 21.1e-05 CFCll

Figure 7: Horizontal distribution of CFC-11 limb-radiance values at 18 km altitude.
The observations were made on November 6, 1994 by using measurement mode 2
(see Tab. 1). The map shown in this figure covers longitudes from 180°W to 180°E
and latitudes from -80° to +80°. Each colored symbol represents a complete altitude
profile (15 to 45 km).

In Figure 7, the elongated South Polar vortex is indicated by very low radiance

values at the tip of South America. These low values are a result of considerable

12



downwelling and associated downward transport of CFC-11 poor air during the winter
months. Vertical radiance profiles as well as corresponding retrieved CFC-11 values
suggest a downward transport over ~ 5 km (Riese et al., 1999a; Spang, 1997.) The
distribution of Figure 7 also exhibits areas with relatively high radiation values in the
equator region, centered around the Amazon, Congo, and Indonesia. These are areas
of strong upwelling and deep convection. Another area of high radiation at the date
line is consistent with convection patterns associated with an El Nino event (Spang,
1997). Analyses of corresponding spectra show that the high radiance values are not
from CFC-11 emissions but probably from “subvisible” clouds (e. g. Offermann and
Spang, 1998). During CRISTA-2, considerable (highly variable) polar stratospheric

cloud cover was seen over Antarctica (Spang et al., 2000).

Radiative transfer in the atmosphere

In order to retrieve atmospheric pressures, temperatures, and trace gas mixing ratios
from the observed limb-radiance spectra, the radiative transfer equation has to be

solved. For a limb-sounding emission-measuring instrument this equation is given by:

Ii (1 = 0) = / ko (2)p(@) ()i (2) da 1)

ori(z :
o) (@)l ) ®)
x
with:
v wavenumber of radiance
i viewing direction index
Il radiance received from viewing direction i
k,(z) absorption cross-section at location x
p(x)  number density at location x

J,(z) source function at location z
7i(x) atmospheric transmission between location x and the instrument (z,=0)

13



k,(z) p(z) Jo(z) ()

Figure 8: Radiative transfer in the atmosphere

The radiance contributions are accumulated along the line-of-sight (LOS) starting
from the location of the instrument (z(=0). The emission of the atmosphere at
location z (see Figure 8) can be expressed as product of the source function J,(x),
the absorption cross-section k,(x), and the atmospheric number density p(x). The
fraction of the emitted light received by the instrument is given by the atmospheric

transmission between location = and the instrument (x(=0).

Combining of Equation 1 and Equation 3 and assuming conditions of local ther-

modynamic equilibrium (LTE) yields:

=0 = [ Bire) 2 0
=0 = [ B o 5)
(@) =1 - 7i(a) Q

06 () /0 = —07 (2)0 (7)

14



with:

B,[T(z)]  Planck function

T(x) atmospheric temperature

e (z) atmospheric emissivity between location x and the instrument (xy=0)
Ol (z)/0x weighting function

To solve Equation 4 or Equation 5, the atmospheric path is usually divided into
segments (e. g. Figure 4), each defined by suitable mean values of pressure, temper-
ature, and trace gas mixing ratios. This allows for fast calculations of transmission
changes (weighting functions) since the total transmission of multiple segments can

be calculated by multiplying the single transmissions of the path segments.

Finally, the instrument spectral response function has to be taken into account by

using a spectral integral:

R, = / NI ) d (8)

vy

with:

R Measured radiance received from direction i
g(v')  Spectral response function of the instrument
V1, V2 wavenumbers spanning the non-zero region of g(1/)

The spectral response function g(v') of CRISTA is given by the spectrometer
function at the actual position of the grating during a spectral scan. The shape of the
CRISTA spectrometer function can be readily approximated by a triangle function.
For radiometric instruments such as LIMS or SABER, ¢(1) represents a filter with a
spectral bandpass of typically 50 cm~! width. For interferometers such as MIPAS or
TES, g(v') accounts for the apodized instrument line shape (AILS).

The most accurate solutions of Equation 1 are obtained by calculating high reso-
lution absorption cross-sections by means of a line-by-line (Ibl) model. Such models
account for the contributions of all molecular lines near (30 cm™!) the considered

wavenumber point:

k() = Z ST ()] f[T(x), P)] (9)
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k,(x) absorption cross-section at location x

v wavenumber of radiance
J line shape function

SI(T) line intensity

J line index

T(x) atmospheric temperature
P(z) atmospheric pressure

To simulate atmospheric spectra, absorption cross-sections k,(z) have to be cal-
culated for a rather fine wavenumber grid (typically 1/5 of the line width) and a large

number of atmospheric path segments along the line-of-sight (see Figure 4).

The CRISTA fast forward radiance model

During its two missions, CRISTA measured about 95,000 height profiles of limb-
radiance spectra. This number matches the number of profiles obtained from a sun
occultation instrument (such as HALOE) during an operational period of about seven
years. The resulting large amount of radiance data requires extremely fast retrieval
algorithms. The standard CRISTA forward radiance model is therefore based on

approximate (but accurate) techniques to solve the radiative transfer equation.

The calculations of high resolution cross-sections represents a major (time con-
suming) problem for any instrument receiving radiation from large spectral regions
(e. g. Riese, 1999¢c; 1999d). For this reason, the retrieval schemes planned for MIPAS
utilize only a small fraction of the spectral range covered (so-called micro-windows).
For radiometers such as LIMS and SABER a restriction to narrow spectral regions is
not possible. The time consuming integration over dv’ (Eq. 8) has to be performed
in order to account for the broadband filter functions. Since detailed Ibl calculations
are too time consuming for the retrieval of all radiance data gathered by radiometers,
approximate forward models have been developed to address this problem (e. g. Gord-
ley and Russell, 1981). These models utilize pre-calculated emissivity lookup tables,
which already include the spectral integration of Equation 8. The non-monochromatic
tables are calculated for homogeneous cells by means of detailed 1bl calculations for

all realistic atmospheric conditions of pressure, temperature, and mass paths U:
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&, (U.T, P) = / 90/)e, (U, T, P)B,(T) d' | B,(T) (10)

Av

BV(T):/A g(\B,(T) dv' (11)

&, (U, T,P)=1—7,(UT,P) (12)

with:

U mass path
T cell temperature
P cell pressure

The pre-calculated tables can be used to perform radiative transfer calculations
in a non-monochromatic formulation of Equation 5. However, the calculation of the
weighting function (Eq. 7) is somewhat more complicated than in a monochromatic
formulation since the combined transmission of several path segments cannot be cal-
culated just by multiplying the single segment transmissions. For this reason emis-
sivity growth approaches have been developed to accumulate the broadband radiance
contributions of segments along the line-of-sight (see Figure 4). These methods are

known as pseudo-mass approximation and Curtis-Godson approximation (CGA) [e. g.
Marshall et al., 1994].

The spectral resolution of CRISTA is considerably better than those of radiome-
ters. However, the retrieval involves large spectral regions comparable to the spectral
bandwidth of radiometers (and typically a factor 20 broader than the MIPAS micro-
windows). In addition, the high measuring speed of the four simultaneously operating
spectrometers results in a large amount of radiance data having to be inverted. The
CRISTA forward model is therefore based on the approximate methods originally de-
veloped for radiometric applications. In particular, the formalism has been adapted
to the details of the CRISTA spectroscopy: the radiance that enters a CRISTA spec-
trometer is chopped, collimated, and directed to the diffraction grating, which resolves
the incoming spectrum of light, and afterwards focuses it on 5 to 8 parallel detector

channels, depending on the spectrometer. A spectral scan (1.15 s) is performed by
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tilting the diffraction gratings of all spectrometers simultaneously. The integration
time of the electronics is on the order of 4.5 ms (chopper period), which means the
spectral range of each detector channel is sampled by about 250 measurement points
while the grating is scanning over it. This results in a wavenumber increment between
two subsequent spectral measurement points of about 1/6 of the spectral resolution.
Emissivity lookup tables have been calculated by means of the LINEPAK 1bl code
(Gordley et al., 1994) for all spectral sampling points by accounting for the spectrom-
eter function g(v') at each point. The lookup tables are used in conjunction with the
BANDPAK libraries (Marshall et al., 1994) to calculate the radiance that enters the
CRISTA detectors. BANDPAK offers a number of options to use non-monochromatic
emissivity tables in an emissivity growth approach to accumulate the radiance con-
tributions of the segments of the line-of-sight (Figure 4). For CRISTA an option is
used that provides a method to calculate an average result from PMA (pseudo-mass

approximation) and CGA (Curtis-Godson approximation).

The CRISTA forward model allows rapid calculations of complete limb-radiance
spectra at the spectral resolution of the instrument, which agree to within 1% with
detailed line-by-line calculations for most of the applications. Compared to detailed
Ibl calculations the number of spectral frequency points required for the calculation
of the radiative transfer is reduced by factors of 100 to 1000. Figure 9a shows a
comparison of a measured (solid line) and a simulated (dashed line) spectrum for
the strong 15 pum bands of COs at 75 km altitude. The COs emission at 15 um is
used to derive pressure and temperature distributions of the upper stratosphere and
mesosphere based on a two color method (Riese et al., 1999a). The accuracy (2K) and
the precision (1K) of the results obtained for CRISTA are comparatively high and,
for instance, allows the first calculations of geostrophic wind fields in the mesosphere

to be made from observations on a daily basis.

Figure 9b shows a comparison between an observed spectrum and a simulated
spectrum for the channel at 12.6 um, which is used for the stratospheric temperature
retrieval. In this case, the retrieval is performed simultaneously with the retrieval of
ozone, chlorine nitrate (CIONO;) and aerosols, since significant interferences of these
trace gases occur in the spectral range of the CO, emission. In addition, background
emissions of HNO3 and CCly are taken into account. The contributions of interfering

gases are also shown in Figure 9b. Figure 9 demonstrates that the details of the
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Figure 9: Comparison of a measured and a simulated limb-radiance spectrum for
detector channel SCL2 at a tangent height of 74.6 km (upper panel, Figure 9a) and
for detector channel SCS6 at a tangent height of 31.8 km (lower panel, Figure 9b).
For details see text.

19



CRISTA spectra can be accurately modeled by the approximate forward model.

The CRISTA onion-peeling retrieval algorithms

For limb-viewing instruments such as CRISTA, the retrieval of atmospheric temper-
ature and trace gas fields can be performed with simple onion-peeling schemes (e. g.
Russell and Drayson, 1972). The approximate CRISTA forward model (see above)
is the basis of a multiple-emitter multiple-spectral sampling point onion-peeling re-
trieval algorithm (Riese et al., 1997; 1999a). The inversion of the limb-radiance
spectra starts at the uppermost tangent height (see Figure 4) and proceeds to lower
tangent heights by taking into account the retrieved values at the levels above. Thus,
the temperature value and the trace gas number densities of the line-of-sight segment
immediately above the tangent point (see Figure 4) have to be adjusted in order to
simulate the measured limb-radiance spectra at a given tangent height. Fast conver-
gence is achieved by calculating the partial derivatives (Jacobians) of the simulated
radiance values from the temperature and/or trace gas mixing ratio at every iteration

step and by using these quantities for the next update.

In most of the measurement modes, the tangent points of the radiance spectra of
the individual profiles are separated by about 1.5 km in the vertical (CRISTA-1). For
stability reasons, the inversion to geophysical parameters is performed on two profiles
(vertical spacing 3 km, offset 1.5 km). These two profiles are then recombined to
produce inverted profiles at 1.5 km spacing (Riese et al., 1999a). The temperature
(and pressure) retrieval has to be performed first. After this, trace gas mixing ratios
can be derived from the observed spectra. Since no information from one profile
retrieval enters the retrieval of another profile, horizontal structures are resolved as

far as possible for a limb-sounding instrument.

The spectral resolution of CRISTA is sufficient to retrieve mixing ratios of weakly
emitting trace gases such as chlorine nitrate (CIONOs). A retrieved distribution of
CIONO; at 46.5 mbar (21 km) is shown in Figure 10. The ability of CRISTA to
provide valuable information about coherent medium- and small-scale structures in

atmospheric trace gas distributions is clearly demonstrated in Figure 10.
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Figure 10: Mixing ratios of CIONO, measured by CRISTA on November 6, 1994 at
21 km altitude. The field was obtained by interpolating the CRISTA data onto a
regular grid (3° x 1.5°, longitude x latitude) by using a horizontal filter with a half
width of 8° in longitude and 4° in latitude. Daytime measurements have been used
as well as nighttime measurement.
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2.5 Synoptic mapping of measured trace gas fields

The CRISTA retrieval yields asynoptic temperature and trace gas fields on an in-
strument sampling grid (level 2 data). However, theoretical studies often require
interpolation of asynoptic satellite data to a common time and to a regular spatial
grid (level 3 product). Well-established mapping methods include spectrally-based,
Kalman-filtering approaches (e. g. Rodgers et al., 1976) and Fourier synoptic map-
ping techniques (Salby et al., 1982a, b). Trajectory mapping techniques based on
observed wind fields (e. g. Morris et al., 1995) represent an attractive alternative to
spectrally based approaches, since they use a physically-based model to describe the
data time behaviour. Recently, trace gas assimilation into chemical transport models

has been used to generate synoptic maps from asynoptic limb-viewing measurements

(e. g. Riese et al., 1999b).

In the standard data processing of CRISTA, a Kalman filter (Ern, 1995) is used
which estimates amplitudes and phases of sinusoidal waves around the latitude circles
in order to interpolate asynoptic level 2 data (instrument sampling grid) to synoptic
grids (level 3 product). Zonal wavenumbers up to m=15 are used for the Kalman
filter. In addition, Bacmeister et al., (1999) have developed an isentropic trajectory
mapping method for intercomparisons of CRISTA ozone, CFC-11, and NO,, observa-
tions with aircraft observations of NASA’s ER-2 carried out at the end of the airborne

measurement campaign known as Airborne Southern Hemisphere Ozone Experiment

and Measurements to Assess the Effects of Stratospheric Aircraft (ASHOE/MAESA).

Due to the high data density CRISTA trace gas fields are especially suited for map-
ping techniques based on trace gas assimilation. CRISTA synoptic maps of long-lived
tracers have therefore been generated by means of a sequential trace gas assimilation
method which has been developed for quantitative analyses of trace gas transport and
mixing processes (Riese et al., 1999b). The assimilation system combines the asyn-
optic CRISTA observations with results from a chemical transport model (CTM). It
provides synoptic trace gas maps, which are consistent with the asynoptic CRISTA
measurements at the time steps of the model (20 min). Details of the technique are

given in Section 5.

A comparison of measured and analyzed CFC-11 distributions is shown in Fig-

ure 11 for the period November 6 to November 10 and the 46.4 mbar pressure level.
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Figure 11: Comparison of measured and assimilated CFC-11 values at 46.4 mbar for
November 6, 7, and 10, 1994. The measurements of each map were taken over a time
period of 24 hours, while the assimilated distributions represent synoptic maps (0000
UT). Note that the horizontal density of the measured data of day 314 (November,
10) is about a factor of two lower than on days 310 and 311 (November 6, and 7,
1994). This is not apparent in the filtered data shown in this plate. Blank areas
indicate regions, where no measurements are available
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The analyzed maps represent synoptic distributions of CFC-11 for 0:00 GMT each
day, while the measured data corresponding to each map were gathered over a time
span of 24 hours. The figure demonstrates that model predictions successfully fill in
temporal gaps. This applies, for example, to large data gaps occurring on the last
two days of the time sequence. These gaps are filled in the analyzed distributions by

means of the model forecast which is based on previous observations.

Synoptic trace gas fields are especially suited for studies of the temporal devel-
opment of large-scale and medium-scale dynamical structures. In Figure 11 very
interesting tropical extrusions occur at latitudes around 30°N, shaped like Kelvin
Helmholtz billows. The billows resemble CIONO; structures at 30°N shown in Fig-
ure 10. The CRISTA measurements represent the first global observation of such
dynamical features. They are theoretically predicted by Shepherd et al., (2000) based
on a theory of chaotic advection in the stratosphere, which is primarily controlled by
the large-scale low-frequency component of the flow. The billows are most pronounced
on November 6 and 7. The tropical extrusion on the east coast of the USA is quite
stationary, while some eastward movement of the less pronounced billows in the west
Asian area can be seen. In addition, these more transient features start to dissolve

on November 14.

The analyzed (assimilated) maps of Figure 11 represent a value-added level 3 data
product of CRISTA. The presentation of the synoptic evolution of trace gas fields is
an important feature of the assimilated data product. However, the combination of
measured trace gas fields of high spatial resolution data with a chemical transport
model provides many more advantages, which will be discussed in Section 5 in terms

of quantitative studies of atmospheric transport and photochemical processes.
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2.6 Data validation

Validation by correlative in-situ measurements

Major elements of the two CRISTA missions were the CRISTA/MAHRSI validation
campaigns. During these campaigns correlative measurements were performed with

ground-based systems, balloons, and rockets (GBR campaigns).

A major objective of the CRISTA/MAHRSI campaigns was the validation of
CRISTA temperature measurements, since atmospheric temperatures represent an
essential input for the retrieval of trace gas mixing ratios from limb-radiance spectra.
In particular, validation of the mesospheric temperatures derived from 15um is im-
portant, since CRISTA provides the first global data set with high accuracy in the
mesospheric region. Special features of the second mission were so-called zero miss
distance / zero miss time comparisons (Lehmacher et al., 2000), where the maneuver
capabilities of the CRISTA-SPAS satellite were used to point the viewing direction of
CRISTA at selected validation sites (zero miss distance). In addition, the launches of
balloons and rockets were coordinated with the satellite overflights in order to obtain

zero miss time comparisons.

The NASA/GSFC Wallops Flight Facility (WFF) was the main site for validation
of CRISTA temperature measurements. Falling sphere and data sonde rocket launches
were performed. During CRISTA-2, falling spheres were launched in pairs within a few
minutes of each other to obtain coincident measurements at two different altitudes. An
example of a zero miss distance / zero miss time comparison of two falling spheres and
CRISTA-2 temperature observations is sketched in Figure 12. Shown is the location of
the measurement points (center telescope) of three adjacent CRISTA vertical profiles
of the validation orbit. The profiles are separated by about 290 km. The small V-
shaped line originating from the coast represents the trajectories of two falling spheres.
The CRISTA profile closest to WWF can be considered as a zero miss distance profile,
since the width of the horizontal weighting function of the limb-viewing method is on

the order of 200 km.

The temperature profiles for both falling spheres and the zero miss distance profile
of CRISTA are shown in Figure 13. They agree with each other to within the estimated
statistical error of the falling spheres (about 3-4 K at these altitudes) [Libken et al.,
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Figure 12: Details of the validation orbit on August 11, 1997. CRISTA footprints at
different altitude points (open squares) are shown for three subsequent profiles mea-
sured by the SCL spectrometer. It can be seen that all tangent points of the individual
CRISTA profiles were measured at about the same horizontal location (latitude, lon-
gitude). The profiles are therefore almost straight upward. The projection on the
horizontal plane of the trajectories of two falling spheres is also shown (V shaped
line).
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Figure 13: Temperature profiles of two falling spheres (solid and dotted lines) and the
corresponding zero miss distance CRISTA SCL temperature profile (diamonds). Note
that CRISTA temperatures are preliminary (non-version) data (Figure 4 of Lehmacher
et al. 2000).
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1994; Schmidlin et al., 1991]. The data suggest relatively high variability, especially
in the vicinity of an observed temperature inversion between 65 and 70 km. The
variability is remarkable, considering that the temperatures were measured within 5
minutes. CRISTA temperatures agree well with the falling sphere observations. The
inversion layer clearly shows up in the CRISTA profile, suggesting that the horizontal
extent of this feature must have been at least on the order of the horizontal weighting
function of CRISTA.

Validation based on satellite data

Validations based on comparisons with in situ instruments often pose problems due
to the large atmospheric variability which is not accounted for by the limited spatial
and temporal coverage of the GBR observational systems. This disadvantage can
be avoided by comparisons with other satellites. Such comparisons also allow the
detection of latitude-dependent effects. The first flight of CRISTA took place during
the ATLAS-3 mission of NASA (Kaye and Miller, 1996). CRISTA-1 observations were
carried out simultaneously with measurements of five other ozone sensors, one emission
experiment (MLS) and four occultation experiments (ATMOS, HALOE, SAGE II,
POAM II). Figure 14 shows a comparison of ozone values of the different sensors
based on equivalent latitude/potential temperature (Eql/©) mapping (Manney et al.,
2000). The comparison shows excellent agreement (typically better than 0.5 ppm)
of the ozone values in the altitude region below 655 K, where dynamics dominates.
Good agreement is also found in the upper stratosphere, where chemistry dominates.
The most notable differences occur in the middle stratosphere where both chemistry
and dynamics are important. In the middle stratosphere of the southern hemisphere,
the occultation instruments provide about 30 % lower values than CRISTA and MLS.
These differences can be largely explained by differences in sampling in conjunction

with a low ozone pocket sampled by the occultation instruments (Manney et al., 1995).

The ozone comparison shown in Figure 14 is especially meaningful due to the large
number of sensors. Other trace gases such as NoO, CHy, and CFC-11 were measured
only by CRISTA and ATMOS or HALOE. For these trace gases comparisons were
made based on coincident observations. In general, good agreement (5% to 20 %) was

obtained (for CRISTA version 3 data).
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Figure 14: Eql/© mapped ozone values of six instruments operated during ATLAS-3.
Scaled PV contours (see Manney et al., 1994) are overlaid (dashed lines). The solid
contour line at high latitudes indicates the vortex edge. (Figure 1 from Manney et

al., 2000).
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In addition to direct comparisons with other instruments, scientific analyses rep-
resent a powerful tool for validating satellite data sets. Three-dimensional model sim-
ulations with chemical transport models (and data assimilation) are starting to play
an important role, i. e. for the validation of the capability of satellite instruments
to resolve chemical and dynamical structures. Models do not necessarily completely
predict the atmospheric state, but they can provide guidelines for dynamical and
chemical structures to be expected from the observation. Such analyses are presented

in Sections 4 and 5.
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3 Dynamical processes observed by CRISTA

Dynamical processes play an important role in the atmospheric system. For example,
the climatological distribution of ozone is largely influenced by poleward transport of
ozone produced in the equatorial source region. A detailed description of atmospheric
dynamics (e. g. Andrews et al., 1987; Brasseur et al., 1999) is beyond the scope of
this work. This section presents a few dynamical features observed by CRISTA such
as atmospheric waves (Section 3.1) and transport processes (Sections 3.2 and 3.3).
Atmospheric waves such as planetary waves, gravity waves, and tidal oscillations play
an important role in the dynamics of the atmosphere, e. g. in the mean circulation.
Vertically propagating waves generated in the troposphere provide, for example, a
large fraction of eddy momentum and heat fluxes in the middle atmosphere (Holton,
1975). A detailed understanding of wave sources, wave propagation, and interactions
with the background flow (and other waves) is therefore crucial for the description of
the atmospheric system. Planetary waves drive the mean meridional circulation in
the stratosphere and at the same time facilitate quasi-horizontal trace gas transport.
CRISTA observations suggest that narrow tongues of tropical and polar air frequently
occur in the stratospheric surf zone and significantly contribute to the exchange of
tropical and extra-tropical air. In the equatorial stratopause region circulation cells
arising from inertially unstable conditions appear to play a significant role in tracer

transport.

3.1 Atmospheric waves

Thermal tides

A basic source of tidal theory is Chapman and Lindzen, (1970). Well-known tidal
features are, for example, diurnal migrating solar tides generated by periodic absorp-
tions of solar radiance, primarily UV absorptions of ozone in the stratopause region
and IR absorptions of HyO in the troposphere. Migrating tidal waves follow the west-
ward movement of the sun. Since the zonal wavenumber is equal to the number of

oscillations per day, the phase at a given latitude depends only on the local solar time
(LST).

Tidal waves in the upper atmosphere have been studied for more than 30 years
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Figure 15: Local solar time distribution (LST) of the center telescope at points around
an orbit for November 9, 1994. The LST shifts 22 minutes per day.

using, for instance, data from meteorological rockets. First global analyses of tidal
signatures in atmospheric temperature fields were obtained from measurements of
the Limb Infrared Monitor of the Stratosphere instrument (LIMS) on the Nimbus 7
satellite (Gille and Russell, 1984). Hitchman and Leovy (1985) report structures in
day/night temperature differences consistent with the (1,1) mode of the migrating
diurnal tide, i.e. maximum amplitudes at equatorial and middle latitudes. Recently
the amount of wind data has significantly increased due to observations carried out
by the Wind Imaging Interferometer (WINDII) (Shepherd et al., 1993) and the High
Resolution Doppler Imager (HRDI) (Hays et al., 1991) on the Upper Atmosphere
Research Satellite (UARS).

CRISTA temperature observations also exhibit significant tidal signatures ( Ward
et al., 1999). The observations provide an opportunity to examine the structure of
tidal waves throughout the middle atmosphere with extended vertical coverage and
improved accuracy at upper mesospheric heights. For analyses of tidal oscillations
it is especially important to consider the local solar time (LST) distribution of the
observations. Figure 15 shows the local solar times for the center telescope at points
around an orbit for November 9, 1994 (Day 313). In the equatorial region, measure-
ments at the ascending portion of the orbit are taken at 8 LST. Measurements at
the descending portion are taken at 20 LST. Although the LST variation during the
first mission is too small for a comprehensive spectral analysis, some tidal features
are captured due to the LST differences between the ascending and the descending

portion of each orbit. These differences are on the order of 12 hours for most of
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the latitudinal band covered by CRISTA-1 (see Figure 15). Figure 16 (left panel)
shows zonally averaged temperature differences (ascending minus descending part of
the orbit) for November 9, 1994. The most apparent feature is the vertical pattern of
alternating temperature minima and maxima at the equator and at middle latitudes.
This pattern is characteristic of the (1,1) Hough mode and representative for the first

symmetric propagating diurnal tide (Forbes, 1982).
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Figure 16: Latitude/height plot of zonal mean temperature differences for November
9, 1994 (left panel). The differences were calculated from zonal mean temperatures
obtained from observations during the ascending and descending part of each orbit.
The observations are compared to corresponding results obtained from the updated
Global Scale Wave Model (right panel). (Plate 2 of Oberheide et al., 2000).

The main tidal structure observed by CRISTA is also present in a corresponding
distribution of the Global Scale Wave Model (GSWM) (Hagan et al., 1995) calculated
for the same LST but equinox conditions ( Ward et al., 1999). Oberheide et al., 2000
investigated sources of the remaining differences. In particular, the climatological
background fields (e. g. winds, temperatures, and ozone) used in the GSWM-95 cal-
culation were updated by background fields derived from CRISTA observations. In
addition, revised tidal heating and dissipation schemes were included in the model,
which represent early November conditions. The most significant changes are associ-
ated with the updated geostrophic background winds, which are in geostrophic balance
with the CRISTA temperatures, and the improved gravity wave stress parametriza-

tion in the model. The results of the updated model are shown in the right panel of
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Figure 16. Modeled and observed tidal phases match within one hour at the equator,
amplitudes agree within 1K for most altitudes. However, the model still does not
reproduce the decreasing tidal amplitude above 80 km, probably due to an underes-

timation of the equatorial gravity wave drag in the upper mesosphere.

As shown in Figure 16, temperatures measured by CRISTA-1 exhibit pronounced
tidal structures, which can be well described by the linear theory as implemented in
the Global Scale Wave Model. In contrast to this finding, the temperature distribu-
tion measured during the second CRISTA flight shows strong non-linear interactions
between the tides and pronounced planetary waves. Since these non-linear interac-
tions cannot be studied with the linear GSWM, future investigations will be based on

the interactive non-linear ROSE model with appropriate lower boundary forcing.

Planetary Waves

Planetary waves are of great importance for the large-scale behaviour of the middle
atmosphere (e. g. Brasseur et al., 1999). They result from the latitudinal potential
vorticity gradient (e. g. Andrews et al., 1987). Fundamental work on the theory of
tropospherically forced waves propagating into the middle atmosphere was performed
by Charney and Drazin, (1961). A review of traveling planetary waves is given, for

example, by Salby (1984).

During CRISTA-2 pronounced traveling planetary waves were observed in the
southern hemisphere at mid-latitudes in the temperature field between 16 and 80 km.
For example, a highly excited planetary wave-two was found with a period of about
12.5 days and a vertical wavelength of about 45 km (Ward et al., 2000). Figure 17
shows the amplitude and the phase of this wave-two as a function of latitude and height
for the geopotential perturbation field. The vertical and equatorward propagation of
the wave-two signature extends into the mesosphere. Non-linear interactions with the
tidal waves mentioned in the previous section are to be expected over a wide range of

altitudes and will be investigated in future studies.

In addition, the CRISTA-2 planetary wave observations provide an opportunity to
study the relationship between temperature and trace gases such as ozone. The rela-
tive phase of the signature in temperature and ozone varies with height (Figures 18

and 19). Below ~30 km temperature perturbations are in phase with ozone perturba-
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Figure 17: Wave-two geopotential perturbation field ( Oberheide, dissertation in prepa-
ration). The amplitude is shown by a grey scale map and the phase is superimposed
by solid black contour lines. The contour lines indicate the longitude at which the
maximum amplitude occured on August 9, 1997.

o

tions, since ozone is dynamically driven. The perturbations are out of phase at higher
altitudes (above 40 km), where photochemistry dominates. Ward et al. (2000) point
out that the CRISTA results above the middle stratosphere show a better agreement
with photochemical equilibrium calculations than previous analyses. Future analyses
will address the question whether this good agreement is due to better data quality
or due to the particular dynamical conditions encountered during CRISTA-2. In ad-
dition, the temperature/ozone correlation will be investigated by three-dimensional
modeling. The synergetic use of CRISTA-2 observation and results from model sim-
ulations should also allow for detailed studies of the dependence of ozone losses on

different catalytic cycles (e. g. Smith, 1995).

Gravity Waves

Gravity waves (GW) drive large-scale circulation patterns, predominantly in the meso-

sphere and lower thermosphere. A review of middle atmosphere GW theory is given,
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Figure 18: Polar view of CRISTA-2 temperature fields in the southern hemisphere at
various altitude levels. (Figure 4 of Ward et al., 2000).
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Figure 19: Same as Figure 18 but for ozone
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for example, by Fritts (1984, 1989). Most observational studies of gravity waves
are based on ground-based observations from a limited number of locations (e. g.
Eckermann et al., 1995). More recently, global data sets obtained from satellite mea-
surements have been used for GW studies (Fetzer and Gille, 1994; Wu and Waters,
1996). CRISTA data allow analysis of gravity waves with vertical wavelengths larger
than about 4 km (Preusse et al., 1999). Eckermann and Preusse (1999) discuss tem-
perature profiles measured in the lee of the Andes in terms of mountain waves. The
southern tip of South America is found to be a region of very high GW activity during
the CRISTA-1 measurement period. Future work will focus on global distributions
of GW sources such as orographie, deep convection, and regions of strong wind shear

(Preusse, personal communication).
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3.2 Tracer transport by inertially unstable circulation

Inertial instabilities are dynamical features of the upper stratosphere and mesosphere,
which result from an imbalance between the pressure gradient force and the centrifu-
gal force (Andrews et al., 1987). During CRISTA-1, the observed temperature field
near the equatorial stratopause exhibited stacked perturbations with relatively short
vertical scales (~10 km), consistent with low-latitudinal circulation cells responding
to inertial instability. Indications of such circulation cells have been previously found
in LIMS observations (Hitchmann et al., 1987), CLAES observations (Hayashi et al.,
1998), and numerical model results (e. g. Sassi et al., 1993). This kind of air motion

may be important for trace gas transport in the stratopause region.

CRISTA-1 temperature measurements were analyzed with respect to low latitu-
dinal circulation cells by dividing the observational period into five subperiods, all
having lengths of 24 hours or more, in order to obtain complete longitudinal coverage
for both ascending and descending nodes during each period (Smith and Riese, 1999).
Figure 20 shows temperature data detrended from the zonal mean background atmo-
sphere for three subperiods (2, 4, 5) at the equator and at 30° N. Strong temperature
perturbations occur during periods 4 and 5 at 36.5 km, 41 km, and 45.5 km altitude
around 90° W and 60° E. The tropical temperature perturbations are paired with per-
turbations of opposite sign at 30° N. They are a result of circulation cells associated
with inertial instability. Positive temperature perturbations indicate downwelling,
while negative temperature perturbations indicate upwelling. As indicated in Fig-
ure 21 for the circulation cell at 90° W, CH, values show perturbations consistent
with the predicted response to the circulation cells through transport. Perturbations
in ozone (not shown here) are consistent with expected photochemical changes (Smith

and Riese, 1999).

Figure 22 shows a longitude vs latitude EPV plot derived from CRISTA geopo-
tential heights on the 1800 K isentropic surface (48 km) for each of the five periods.
The results support previous findings that circulation cells with short vertical scales
occur when the upper stratospheric flow is inertially unstable. Unstable regions may
be identified in Figure 22 by Ertel potential vorticity (EPV) values of opposite sign
to the planetary vorticity (e. g. negative EPV in the northern hemisphere.)

A new result is the occurrence of two separate circulation cells in different longitude
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Figure 20: Longitude vs altitude cross section of CRISTA temperatures detrended
from the longitudinal mean for the observation periods 2, 4, and 5. Positive values
are shown by solid lines, while negative values are given by dashed lines. Contour
interval is 1 K. Data shown in the left panel were averaged over the latitude band
from 5° S to 5° N. Data shown in the right panel were averaged over the latitude band
from 25° S to 35° N. (Figure 2 of Smith and Riese, 1999)
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Figure 21: Zonal mean CH, mixing ratio averaged over the CRISTA-1 mission. The
arrows show the circulation inferred from the temperature perturbations at 90° W
shown Figure 23. Contour interval is 0.05 ppm. (Figure 6 of Smith and Riese, 1999)

bands that exhibit opposite phases (see Figure 20). At each altitude, perturbations
at longitudes around 90° W have opposite signs to those located at 60° E.

Previous observations suggest that the outbreaks of circulation caused by inertial
unstable conditions are quite rare. The chance of observing these structures dur-
ing the CRISTA-1 mission was therefore not large. However, CRISTA temperature
distributions clearly show an outbreak of inertial unstable circulation, although the
temperature amplitudes derived from the CRISTA-1 observations (~3K) are smaller
than previously documented for such events (5 to 10K). This suggests that low per-
turbations as seen by CRISTA may have been below the detection limit of previous
observations and that such cells may be more common than previous studies would
indicate. In consequence, they could play a significant role for the transport of tracers

in the stratopause region.

Another new finding is that the upper stratospheric circulation cell appears to
be linked to a lower stratosphere Kelvin wave-one, which can be seen in the left
panel of Figure 20 below 30 km. A detailed discussion of the wave characteristics is

given by Smith and Riese (1999). The amplitude of the Kelvin wave increased during
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subperiod 1 and 2, persisted for about 3 days, and became weaker in the last period.
Since the Kelvin wave has about the same vertical scale as the circulation cell, and
is approximately in phase with it, interactions between these two dynamical features
may have occurred. The vertical motion associated with the Kelvin wave may have

affected the inertially unstable flow, e. g. by controlling its vertical scale.
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Figure 22: Ertels potential vorticity (EPV) derived from CRISTA data on the 1800 K
(48 km) isentropic surface. Plotted is potential vorticity multiplied by the atmospheric
density. Units are 10° K/(sm). The distributions are shown for the 5 observation

periods. Areas with negative values are shown by dashed isolines. (Figure 5 of Smith
and Riese, 1999)
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3.3 Exchange of tropical and extra-tropical air

During winter, planetary waves facilitate quasi-horizontal transport and mixing in the
stratospheric surf zone, which connects the vortex edge and the subtropical transport
barrier (e. g. McIntyre and Palmer, 1983) . Long-lived tracers such as nitrous ox-
ide (N2O), methane (CHy), and chlorofluorocarbons (CFCs) are valuable tracers of
such transport processes. Nitric acid (HNO3) is a good tracer below 25 km, since the
photochemical lifetime is on the order of several weeks in this region (Brasseur and
Solomon, 1986). Satellite and aircraft observations of NoO and CH,4 have been used in
numerous previous studies of the stratospheric circulation and of stratospheric trans-
port and mixing processes (e. g. Mahlmann et al., 1986; Solomon et al., 1986; Holton
and Choi, 1988; Garcia et al., 1992; Schoeberl et al., 1992; Randel et al., 1993, 1994;
Stanford et al., 1993; Kindler et al., 1998). The CRISTA data are especially suited
for analyses of small- and medium-scale dynamical and photochemical structures as-
sociated with tropical/extra-tropical exchange of air by planetary wave mixing events

(see also Randel et al., 1993).

CRISTA-1 observations

The meteorological conditions prevalent during CRISTA-1 have been described by
Manney et al. (1996) and by Naujokat and Pawson (1996). The north polar vortex
had started to build up, while the south polar vortex had started to decay. The
north polar vortex had developed above 35 mbar. The south polar vortex was strong
below 16 mbar with coherent fragments up to 3 mbar. The situation was further
characterized by enhanced temporal variability and strong small-scale and medium-
scale dynamical structures. Analyses of high resolution potential vorticity (PV) fields
generated by reverse trajectory calculations (Manney et al., 1996) also indicate that
low latitude air was drawn around both vortices almost continuously. In addition,
air was drawn off the vortices, leading to very complex air motions, especially in the

northern hemisphere over the Pacific ocean and the western United States.

The general findings of the meteorological analyses are well reflected in the high
resolution CRISTA-1 trace gas fields. The observations show enhanced temporal
variability and pronounced dynamical structures. For example, several streamers of

tropical and arctic air have been found in the CRISTA-1 measurements. Figure 23
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shows an HNOj distribution measured on November 6, 1994 at 22.5 mbar (25 km).
An air mass of HNOj rich air from the North polar vortex occurs in the region of the
eastern United States. South of it a tongue of tropical air (streamer) extends from
the southern United States across the Atlantic ocean towards Europe. Another strong
tropical extrusion can be seen along the Asian coast. A third tropical extrusion of
HNOj3 poor air extends across the South American continent into the South Atlantic

Ocean.

A comparison of such dynamical structures with corresponding results of three-
dimensional simulations performed with a chemical transport model is presented in

Section 4.2 (see also Riese, 1999; Riese et al., 1999b, 1999¢, 2000a).

HNO, /225 mbor/Doy BTOO 3110

1.00 (A= 1.33) = 13.00

Figure 23: Mixing ratios of HNO3 measured by CRISTA on November 6, 1994 at
22.5 mbar (25 km).
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CRISTA-2 observations

During the second mission, CRISTA encountered conditions of large planetary wave
activity in the southern hemisphere. Figure 24 shows a CH, distribution measured
on August 11, 1997 at 4.6 mbar (35 km). The very low CH; mixing ratios at high
southern latitudes indicate the elongated and deformed polar vortex, which results in
pronounced wave-one and wave-two structures. The phase propagation of these waves
is eastward during the course of the mission (not shown). The associated wind field
advects air out of the tropics. As expected, the interaction between the polar vortex
and the tropics is most pronounced in the area of the strongest vortex elongation
(at the date line), where further analysis show wave breaking occurring (see also

Figure 35).

CH, / 4.6 mbar / Day 222:12 — 223:12

.....................

0.00 (A= 0.07) = 0.63

Figure 24: Mixing ratios of CH, measured by CRISTA on August 11, 1997 at 4.6 mbar
(35 km).
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Figure 25: Analyzed (assimilated) CRISTA distributions of CHy (2.2 and 4.6 mbar),
N,O (10.0 and 22.5 mbar), and CFC-11 (46.2 and 100 mbar) on August 11, 1997.
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The strength of the tropical extrusion, which results from the interaction of the
polar vortex with the tropics, shows a pronounced altitude dependence. This is il-
lustrated in Figure 25 by means of synoptic distributions of CH, (2.2 and 4.6 mbar),
N,O (10.0 and 22.5 mbar), and CFC-11 (46.2 and 100 mbar). A close relationship
between the strength of the tropical extrusion and the amplitude of the planetary

wave-two (Figure 17) is found.

Narrow tongues of tropical air were found during both CRISTA missions (see
Figures 23 and 24). This suggests that displacement of the polar vortices frequently
result in such dynamical structures. The CRISTA observations also demonstrate that
these narrow tongues of tropical air can be highly variable in time and space. Results
indicating the large temporal variability of tropical extrusions are presented in Section

4.2 based on CFC-11 observations at 31.6 mbar (23 km).
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4 Three-dimensional modeling of the stratosphere

Modeling the behavior of minor constituents in the middle atmosphere has a long
history. Models can be considered as the mathematical representation of our theoret-
ical knowledge about chemical and dynamical processes. In one-dimensional models
vertical transport is parameterized by means of vertical eddy diffusion concepts. Such
models are well suited to detailed studies of chemically reactive species and diurnal
variations (e. g. Brasseur et al., 1987). Two dimensional models (e. g. Brasseur et al.,
1990; Garcia and Solomon, 1983) are frequently used to predict long-term changes
of chemical constituents relevant for climate change. For a detailed understanding
of the basic processes affecting transport of chemical species (and interactions with
chemical processes) three-dimensional model formulations (e. g. Rose and Brasseur,

1989) have to be used and verified by observations.

4.1 Model description

Three-dimensional simulations can be performed by using two different approaches.
Dynamical, chemical models calculate “on line” the dynamical variables of the at-
mosphere (e. g. wind and temperature fields). Chemical transport models (CTM),
on the other hand, consist of chemistry and transport packages driven “off line” by
three-dimensional dynamical models or conventional meteorological analyses. For ex-
ample, analyzed winds provided by the UK Meteorological Office (UKMO) [Swinbank
and O’Neill, 1994] or by the NASA GSFC data assimilation system (GEOS1DAS)
[Suarez et al., 1995] have been widely used for transport studies of atmospheric trace
constituents (e. g. Rood et al., 1989, 1992; Rosenlof and Holton, 1993; Chen et al.,
1994; Douglass et al., 1996; Kindler et al., 1998; Chipperfield, 1999).

The simulations presented in this section were performed with a three-dimensional
model, combining the chemistry and transport codes of the NCAR ROSE model (e. g.
Rose, 1983; Rose and Brasseur, 1989; Granier and Brasseur, 1991; Smith, 1995) with
UKMO wind and temperature fields (see also Lefevre et al., 1994). The wind and
temperature values are a product of a data assimilation system developed at the UK
Meteorological Office for the UARS project (see Swinbank and O’Neill, 1994). The

system assimilates a heterogeneous set of satellite temperature measurements and
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radiosonde observations into a global circulation model (GCM) in order to obtain self-
consistent synoptic wind and temperature distributions at a specific time. Assimilated
winds and temperatures are available for 22 pressure levels from the ground up to 0.316
mbar (55 km) with a vertical step of 2.7 km. This vertical step is on the order of the
vertical resolution of CRISTA trace gas data (2.5 to 3 km). The ROSE CTM uses
19 pressure levels between 316 mbar (8 km) and 0.316 mbar (55 km). The horizontal
resolution of the meteorological data provided by the UKMO is 3.75° in longitude and
2.5° in latitude. This corresponds to 96 x 72 grid points for a given pressure level.
Model runs with the CTM can be performed at this particular horizontal resolution
or at somewhat lower horizontal resolutions (64 x 72, 32 x 36). The present study

uses 64 x 72 grid points (5.65° in longitude and 2.5° in latitude).

The ROSE model accounts for the chemistry of oxygen, hydrogen, carbon, ni-
trogen, chlorine, and bromine species. About one hundred gas phase reactions and
seven heterogeneous reactions on volcanic aerosols and polar stratospheric clouds are
included in the model. The reaction rate constants and absorption-cross sections
are taken from the JPL-compilation (e. g. DeMore et al., 1997). Solar irradiances
are obtained from the Solar Stellar Irradiance Comparison Experiment (SOLSTICE)
on board UARS. Photolysis rates are derived from pre-calculated lookup tables as
a function of altitude, albedo, ozone column, and solar zenith angle. The chemical
compounds are divided into two groups. Twenty-seven long-lived species (or families)
are affected by both transport and chemistry. Fourteen short-lived or equilibrium
species are calculated at each time step (20 min) neglecting transport. The trans-
port of long-lived species and families is calculated with a semi-Lagrangian transport

algorithm (Smolarkiewicz and Rasch, 1991).

Initial fields of long-lived species such as CFC-11, N,O, and CH, have been derived
from potential vorticity (PV) distributions of the starting day (November 1) by assum-
ing a close correlation between the long-lived species and PV. Through this approach,
initial structures are introduced into the trace gas fields that exactly resemble the
structures of the PV fields. No information about structures in the constituent fields
observed by CRISTA enters the initialization. For CRISTA-1 the correlation param-
eters were obtained from linear fits. More details about the initialization procedure

are given by Riese et al. (1999b).
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4.2 Simulation of the CRISTA measurement periods

Exchange of tropical and extra-tropical air during CRISTA-1

A comparison of a measured northern hemispheric NyO distribution (14.7 mbar) with
results obtained from the model is shown in Figure 26 for November 6 (Day 310).
The measurements were interpolated onto the model grid (64 x 72) by applying a
two-dimensional weighting function, which resembles a triangle function with a half
width of 8 in longitude and 4° in latitude. For comparison reasons, the filter was
also applied to the modeled distribution. The filter suppresses the random noise of
the observations as well as non-coherent fluctuations between adjacent measurement
points caused by small-scale (unresolved) atmospheric processes. The measurements
shown in Figure 26 were taken between Day 309:12 and Day 310:12, while the modeled
distribution represents a synoptic map of Day 310:0. The general shape of the polar
vortex is well reproduced by the model. The associated wind field advects air out of
the tropics towards higher latitudes. Two pronounced tropical extrusions can be seen
in the CRISTA observations: one extrusion extends across the southern United States
into the Atlantic Ocean, and the other extends along the North American and Asian
Pacific coast. Air is also drawn off the vortex (e. g. north of the Atlantic extrusion).
In addition, a very pronounced extrusion of Arctic air is drawn from Canada into
the Pacific Ocean. The interaction of this Arctic extrusion with the Asian tropical

extrusion results in very complex air motions, especially over the Pacific Ocean.

The model captures the Atlantic extrusion of tropical air and the Artic extru-
sion north of it. However, the strength of the Asian extrusion of tropical air and
the associated transport along the coasts of Asia and North America are somewhat
underestimated. For more quantitative comparisons of measured and modeled struc-
tures, the N,O values have been “detrended” by subtracting zonal mean values at
each latitude . Through this approach, the synoptic structures of the NoO fields are
more emphasized, e. g. the modeled Asian extrusion of tropical air (see lower panel
of Figure 26). It can be seen that the combination of assimilated wind fields and the
transport code used by ROSE is well suited to predict such planetary-scale tongues
which significantly contribute to the mass exchange between the tropics and higher
latitudes. However, the structures are more pronounced in the measured NoO dis-

tribution at middle and high latitudes. This implies a larger horizontal eddy flux of
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Figure 26: Comparison of a measured and modeled northern hemispheric NoO distri-
bution for November 6, 1994, at 14.7 mbar. Absolute values (upper panel) are shown

as well as detrended values obtained by subtracting zonal averages at each latitude
(lower panel).
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N,O than indicated by the the model results.
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Figure 27: Comparison of measured and modeled longitudinal plots of detrended N,O
values at 14.7 mbar. Data are shown at four latitudes of the model grid (8.75°, 33.75°,
38.75°, and 58.75°). The detrended values were obtained by subtracting zonal mean
values at each latitude.

The situation is quite different in the tropical and subtropical regions. The model
results exhibit large medium-scale variability, which does not exist in the measured
distribution. This discrepancy is shown in Figure 27 by means of longitudinal plots
of detrended N5O mixing ratios. At 8.75° N, unrealistically high variability is found
in the model result. Since the structures of the modeled N,O distribution are of
medium scales, they would have been detected by CRISTA, if they were real. Such
an overestimated variability in the tropics and subtropics appears to be a common
problem of trace gas simulations based on assimilated winds. Kindler et al., (1998)
find, for example, unrealistically large amplitudes of wavenumbers 4 to 7 in the tropics

and subtropics when comparing NoO simulations to CLAES observations.

Temporal evolution of CFC-11 at 31.6 mbar (23 km)

Figure 26 demonstrates that the CTM reproduces important horizontal structures
at mid-latitudes in the northern hemisphere at a pressure level of 14.7 mbar. The
tropical extrusion that extends across the southern United States into the Atlantic
Ocean is also very pronounced in CFC-11 observations at lower altitudes (N,O data

are only available down to about 22.5 mbar), as discussed below.
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Figure 28: Measured and modeled time sequence (November 6 to November 10, 1994)
of the northern hemispheric CFC-11 distribution at 31.6 mbar. Since CRISTA covers
latitudes up to +67°, the data are compared in the latitudinal band from 0° to +70°.
The blank areas in the measured maps indicate grid points where no measured data
are available inside the non-zero region of the weighting function used for filtering the
data.
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During the measurement period of CRISTA-1, the shape of the north polar vortex
varied significantly from day to day. A very pronounced planetary wave-two structure
(stretched vortex) decayed in favor of a planetary wave-one structure (vortex shifted
towards Scandinavia). Figure 28 shows a comparison of a measured and a modeled
time sequence of CFC-11 distributions of the northern hemisphere (31.6 mbar) for
the time period from November 6 to November 10 (Day 310 to Day 314). Associated
detrended CFC-11 mixing ratios (Day 310 and Day 312) are compared in Figure 29

at four different latitudes.
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Figure 29: Comparison of measured and modeled longitudinal plots of detrended
CFC-11 values at 31.6 mbar for November 6 and 8, 1994. Data are shown at four
latitudes of the model grid (13.75°, 28.75°, 33.75°, and 43.75°). The detrended values
were obtained by subtracting zonal mean values at each latitude.

The calculated fields represent synoptic maps (e. g. Day 310:0) while the measured

fields contain data that were measured within a 24 hour time period (e. g. from Day
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309:12 to Day 310:12). The modeled distributions capture a lot of the dynamical
features, especially at middle and high latitudes. On November 6, the deformation
of the north polar vortex and the resulting pronounced wave-two structure at high
latitudes are indicated by CFC-11 poor vortex air. The north polar vortex is stretched
towards Siberia and North America. The associated wind field advects air out of the

tropics into higher latitudes.

At the 31.6 mbar pressure level, the strong tropical extrusion that extends across
the United States into the Atlantic Ocean (see also Figure 26) is more pronounced
than the extrusion at the Pacific coast. The model reproduces this tropical extrusion
well. During the following days, the north polar vortex is shifted towards Europe,
leading to a pronounced wave-one structure. As a result, the extrusion of tropical
air is also displaced toward the South and stretched towards Europe and Asia. The
CFC-11 observations of Day 314 suggest that some irreversible mixing of tropical air

occurs over Europe and Asia.

The amplification of the wave-one structure and the associated deformation of
the tropical extrusion are very similar in both observation and simulation. However,
minor differences of the transport processes show up in the comparisons of Figure 29.
On Day 312, the modeled tropical extrusion is somewhat more shifted towards the
South than the observed extrusion. As a result, a large discrepancy occurs in Figure 29
at 43.75° N. Notable differences between the observations and the model results also
occur in the tropics and subtropics, where the model produces to much variability.

This finding confirms the result of the N,O study at 14.7 mbar.

Structures observed in the southern hemispheric surf zone

A comparison of a measured and a modeled NoO distribution in the southern hemi-
sphere (10 mbar) is shown in Figure 30 for November 6. The reproduction of the
observation by the model is considerably worse than in the northern hemisphere. The
south polar vortex was already decaying at this pressure level. In addition, large
amounts of tropical air were transported to higher latitudes (before the CRISTA mis-
sion) as a result of a strong interaction of the disturbed polar vortex with the tropics

in mid October.

Figure 30 indicates that the UKMO winds (in conjunction with the transport
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Figure 30: Comparison of a measured (upper panel) and a modeled (lower panel)
southern hemispheric distribution of NyO for November 6, 1994 at 10 mbar. Shown
are polar projections of the southern hemisphere. Latitudinal circles (dotted circles)
are given with an increment of 20° (starting from the equator). The upper panel
shows the asynoptic observations (left side) as well as a synoptic distribution (right
side) obtained from the sequential trace gas assimilation system described in Sections
2.5 and 5.1.
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scheme) are not quite able to reproduce the complex pattern of the associated air
motions. There are major differences between the measured and modeled distribu-
tion. Possible reasons for these differences are as follows: In the model, there is a
strong interaction of the elongated vortex with tropical air west of South America (on
November 6), while the vortex is more separated from the subtropics in the measured
distribution. This is mainly due to the steeper horizontal gradient of the measured
N,O mixing ratio in the vicinity of the subtropical transport barrier at about 15° S.
The most notable difference between the model and the measurements occurs in the re-
gion of the stratospheric surf zone (e. g. McIntyre and Palmer, 1993), which connects
the observed transport barrier and mid-latitudes. In the simulation a pronounced
tongue of vortex air is drawn out towards low latitudes. Over the Pacific ocean, the
tongue extends along the -40° latitudinal circle. In reality, the wind field advects two
weaker tongues along this latitudinal circle. One of these tongues originates from the
edge of the polar vortex, while the other tongue contains air of relatively high NoO
mixing ratios. This tongue is most likely the remnant of a large tropical air mass,
which entered the surf zone as result of an interaction of the Antarctic vortex with the
tropics (Franzen et al., 2000). This interaction took place about three weeks before

the CRISTA-1 mission.

The complicated dynamical situation before the CRISTA-1 mission is illustrated in
Figure 31 by means of N,O values derived from UKMO PV fields by assuming a close
correlation between PV and N,O. The time sequence shown in Figure 31 illustrates
the transport of tropical air towards higher southern latitudes. On October 16 the
Antarctic vortex is deformed and shifted towards the tip of South America. A large
extrusion of tropical NoO rich air is being separated from the tropics (15° W, 50°S)
due to a strong interaction with the polar vortex during the preceding days (not shown
here). After the separation the air mass is advected by westerlies and starts to circle
around the South Polar Vortex. On November 1 it is located between longitudes of
90 °E and 180°E and it becomes somewhat stretched. During the following days the
remnant of the tropical extrusion is influenced by easterlies and is transported back
to a longitude of about 45°E. The center of this air mass is also to be seen in the

CRISTA observation (Figure 30).

A study of the temporal development of the tropical extrusion in a full CTM

simulation is rather difficult due to the strong interference from air masses of low N,O
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Figure 31: Temporal evolution of the southern hemispheric NoO distribution at the
10 mbar pressure level. The NoO values are derived from UKMO potential vorticity
fields, CH,4 values of the UARS trace gas reference atmosphere, and NoO/CH, cor-
relation parameters obtained from the Atmospheric Laboratory for Application and
Science (ATLAS) 1, 2, and 3 missions of the Atmospheric Trace Molecule Spectroscopy
(ATMOS) instrument (Dessler, private communication).
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values resulting from the unrealistically strong breakup of the south polar vortex in the
simulation at the beginning of the CRISTA-1 mission (see Figure 30). The breakup
of the vortex in the simulation results in a pronounced tongue of vortex air, which
interferes with the remnant of the tropical extrusion. For this reason, an idealized
tracer study has been performed (Franzen et al., 2000), which focused on the temporal
development of the tropical air mass alone and neglects influences of the surrounding
atmosphere. The results of this study indicate that the evolution of the tropical
extrusion in early November depends critically on its location at the turning point of
the eastward-westward motion. When shifting the tropical air mass somewhat to the
south (5°) on October 30, part of it is transported along the 40°S latitudinal circle
towards the tip of South America as suggested by the CRISTA-1 observation. This
finding gives a hint of possible uncertainties of the meridional UKMO wind field, which
may be too large at the turning point of the motion. Interestingly, corresponding NMC
winds are about 5 m/s smaller (at 60°S), which is consistent with the southward
shift applied in the sensitivity study. Idealized tracer studies of the behaviour of
the Antarctic vortex indicate that such an overestimation of the northward wind
component may also be responsible for the unrealistically strong breakup of the vortex

obtained in full CTM simulations (see Figure 30).

Simulation of the CRISTA-2 measurement period

Simulations of the CRISTA-2 observational period are in progress. The initialization
procedure of the model has been somewhat refined with respect to the CRISTA-1
simulations discussed above. Average mixing ratio values have been calculated from
CRISTA-2 observations as function of pressure and equivalent latitude (see Randel et
al., 1998) derived from the meteorological PV fields. The calculated values can be
used to convert the equivalent latitude distributions of specific days to corresponding
trace gas fields (see also Riese, 2000). This initialization procedure was applied to the

model on August 1, 1997.

A comparison of a measured CH, distribution (4.6 mbar) with results obtained
from the model is shown in Figure 32 for August 11, 1997. The measurements were
taken between Day 222:12 and Day 223:12, while the modeled distribution represents
a synoptic map of Day 223:0. To emphasize the synoptic structures, the CHy fields

have been “detrended” by subtracting the zonal mean background field. Good corre-
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Figure 32: Comparison of measured and modeled CHy distributions for August 11,
1997 at 4.6 mbar. Shown are detrended values obtained by subtracting zonal averages
at each latitude (“Eddy values”).
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spondence between the main structures is found. The model captures, for example,
the pronounced travelling planetary waves in the southern hemisphere and the strong

extrusion of tropical air in the South American area discussed above.
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5 'Trace gas assimilation

5.1 The sequential approach

The aim of data assimilation is the construction of an optimum combination of a priori
knowledge about a physical system (e. g. a model forecast) and observations of this
system. For example, the UKMO meteorological fields are an optimum combination
of measured winds and temperatures and values provided by a general circulation
model. The advantage of these data for the generation of structures in constituents
fields has been demonstrated in the previous chapter. However, for detailed studies
of transport and photochemical processes it is useful to assimilate the measured trace
gas concentrations themselves in the model, since this yields an even more realistic

representation of the atmospheric state.

The CTM has therefore been used as the core of a trace gas assimilation system.
In particular, a simple sequential assimilation method was developed, which combines
CRISTA level 2 data (instrument sampling grid) with trace gas fields predicted by the
CTM in the following manner: For CRISTA-1 the CTM is initialized on November 1
(Day 305:0) and calculates the synoptic evolution of the middle atmosphere. CRISTA
measurements are available from November 4 (Day 308:17:35) on. After this date,
the modeled trace gas distributions are sampled by the CRISTA observation grid.
At each time step, mixing ratio values calculated by the model are updated at all
locations where measurements are available. By using this approach, the trace gas
assimilation system automatically accounts for the asynoptic nature of the CRISTA-
1 measurements. Each measured value is used to update the model values at its
four surrounding model grid points at the associated pressure level. The updates are
weighted averages of the measured value and the corresponding model forecasts. For
each of the surrounding grid points, the relative weight W of the measured value
is calculated from its longitudinal (A)) and latitudinal (Agp) distance as follows:
W =1-R, R = (AN AX)*+(Ap/Apy)?)z, where AXg and Agy are the longitudinal

and latitudinal resolution used for the model integration.

Due to the high data density of CRISTA, the distributions of long-lived trace
gases are rapidly forced towards the observation, since all grid points are updated

in about a day. This means that the CTM is continuously initialized by new data.
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Figure 33: Mixing ratios of HNO3 measured by CRISTA on November 6, 1994 at
22.5 mbar projected onto a regular CTM grid. (For details see text).

To illustrate the high CRISTA data density, Figure 33 shows HNOj3 observations for
November 6, 1994 (Day 310:0 - 311:0) projected onto the horizontal model grid at the
22.5 mbar level. The observations were made using the high-resolution stratospheric
measurement mode (see Table 1). The model resolution is 5.65° in longitude and
2.5° in latitude. It corresponds to the size of single colored (or blank) rectangles in
Figure 33. Trace gas values (colored rectangles) are only given for those grid points
which are the nearest neighbor of at least one observation. The figure suggests that
the measurement net is somewhat less dense than the model grid. However, this is
not the case. On average each grid point is the nearest neighbor of more than two
observations. Grid points which are not the nearest neighbor of a measured point are
also updated in the time period of Figure 33, because each observed value influences

its four surrounding grid points (see above).

About one day after the first measured data are available, the model forecast es-

sentially represents a temporal extrapolation of previous CRISTA measurements, and
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forecasts of the assimilation system become quite reliable. As a result, the analyzed
maps of long-lived tracers become rather insensitive to changes of the weighting fac-
tors applied to the measurements and to the model forecasts. In a sensitivity study
performed for CFC-11 at 46.4 mbar (see also Figure 11), the weighting factors for
new measurements were reduced by a factor of two after Day 311:0. Nevertheless, the
resulting CFC-11 values of Day 314:0 agree with the corresponding CFC-11 values of
the standard approach typically to within 5%.

Trace gas assimilation can be considered as a means to enhance the spatial reso-
lution of observations, e. g. for transport studies in the Eulerian framework (Section
5.2): Figure 34 shows measured CHy values at 4.6 mbar projected onto the horizontal
model grid for two days of CRISTA-2 observations (August 11 and August 14, 1997).
On August 11 the instrument was operated in a stratospheric mode. The data density
is considerably higher during this day than three days later, when CRISTA focused
on the mesosphere. In principle, the blank areas of Figure 34 could be filled with trace
gas values by applying suitable spatial filters. The CH, distribution of Figure 24 was
obtained, for example, by using a two-dimensional horizontal filter, which resembles
a triangle function with a half width of 12° in longitude and a triangle with a width
of 4° in latitude. However, application of such a spatial filter decreases the horizontal
resolution of the trace gas field to the half width of the filter function. The sequential
trace gas assimilation system, on the other hand, fills data gaps by model forecasts,
which are essentially temporal extrapolations of previous observations. Corresponding
(assimilated) CHy distributions are shown in Figure 35. Such distributions are ideally
suited for analyses of to atmospheric transport processes at high horizontal resolution.
Such work is already in progress for CRISTA-2. Results obtained for CRISTA-1 are

discussed below.
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Figure 34: Mixing ratios of CH4; measured by CRISTA on August 11 and August 14,
1997 at 4.6 mbar. The measurement points are projected onto the grid of the chemical
transport model. (For details see text).

63



Analyzed CH, / Day 223:0 / 4.6 mbar

CH, [ppm]
B -
0.00 (A= 0.07) = 0.63

Figure 35: Analyzed (assimilated) CH4 mixing ratios for August 11 and August 14,
1997 at 4.6 mbar. The values are shown at the resolution of the grid of the chemical
transport model.
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5.2 Transport studies based on assimilated trace gas fields

The main advantage of assimilated trace gas distributions is the availability of syn-
optic trace gas fields derived from observations on the temporal and spatial grid of
the meteorological fields. This allows, for example, for quantitative studies of eddy
fluxes and of their influence on the temporal evolution of the background atmosphere
(hereafter “calculated tendencies”). The calculated tendencies may be compared to
the measured temporal evolution of the zonal mean background field (hereafter “mea-
sured tendencies”) in order to test our understanding of the influence of dynamical
structures on the temporal development of the background atmosphere. Randel et al.
(1994) have calculated trace gas budgets for NoO based on the transformed Eulerian-
mean (TEM) conservation equation (Eq. 13) for zonal mean mixing ratios and mod-
eled N,O distributions (NCAR CCM2). The assimilated CRISTA data provide the

opportunity to perform such an analysis based on observations.

TEM Framework

The analyses presented in this section are based on the transformed Eulerian-mean
(TEM) conservation equation (Eq. 13) for zonal mean mixing ratios (Andrews et al.,

1987):

ox _8X 8)(
i v* M 82+S+ V M (13)

The quantity on the left side of Equation 13 (0%/0t) is the mixing ratio tendency.

Forcing terms for Equation (13) include advection represented here by the residual

mean circulation (w*,0*), defined as
— 1 0 R T
w — 14
v w+acosgp&p<osng N2> (14)
_ 10 RvT
U*:’U——a— (pﬁ NQ) (15)
with:
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The source term S in Equation 13 accounts for the photochemical production (and

loss), and M is the eddy flux vector with horizontal and vertical components given by

RUT

M, =—p (v’x’ TN Xz) (16)
RvVT

M, =—p <w’x’ - EWX@’) (17)

Overbars denote zonal means. Primes denote deviations from the zonal mean values.

CFC-11 fluxes at 31.6 mbar

The assimilated CRISTA distributions are ideally suited for analyses of transport pro-
cesses, since all information needed to evaluate Equations 13 to 17 is available at each
time step of the model. Figure 36a shows a comparison of the meridional CFC-11
eddy flux (—%My) at 31.6 mbar derived from the analyzed CRISTA measurements
and from the UKMO winds and temperatures (solid curve) with the corresponding
values provided by the model without data assimilation (dashed curve) for November
6 (Day 310:0). The general meridional distribution of the CFC-11 fluxes is quite simi-
lar, however, the flux derived from the analyzed data being somewhat larger at middle
latitudes. The underestimation of the eddy flux in the simulation without trace gas
assimilation represents an additional manifestation of the fact that the strengths of
synoptic-scale structures is underestimated in trace gas simulations based on meteo-

rological wind fields alone.

At 30° N, the longitudinal interval of the subtropical extrusion (140°E to 120°E,
see Figure 28) represents only about 6% of the latitudinal circle. Nevertheless, it

contributes about 25% to the measured eddy flux (not shown here). This underlines
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the importance of planetary-scale tongues for the exchange of tropical and extra-

tropical air.
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Figure 36: Comparison of the meridional CFC-11 flux derived from assimilated
CRISTA data (solid curve) for November 6 (Day 310:0) at 31.6 mbar with the respec-
tive CFC-11 flux derived from model simulations without trace gas data assimilation
(dashed curve). The top panel shows eddy fluxes on November 6 (Day 310). The
lower panel shows mean values for the time period from November 6 to November 10
(Day 310:0 to Day 314:0).

Figure 36b shows mean CFC-11 eddy fluxes for the time period from Day 310:0
to Day 314:0. The fluxes have been calculated with a temporal resolution of one day.
Figure 36b shows averages of the values obtained for the single days. The mean flux
of the model is somewhat overestimated in the equatorial region (due to the higher
variability of the CFC-11 mixing ratios). It is smaller northward of about 30° N, since
the modeled structures are less pronounced at higher latitudes. In comparison to the
single day observation (Figure 36a), the mean curves are flattened. This means that
large parts of the CFC-11 mixing ratio tendencies associated with the fluxes of single

days cancel when averaged over longer time periods. This finding confirms the analysis
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of Randel et al. (1994), who also find a large degree of reversibility of transport effects

during wave disturbed periods in their analysis of CCM2 simulations.

CH, Budget at 4.6 mbar

The assimilated CRISTA data provide for the first time the opportunity to perform
a global trace gas budget analysis for a relatively short time period (about one week)
based on observations. As an example, CHy distributions at 4.6 mbar are studied
here, since strong irreversible mixing processes appear to be present in the CHy field
at this altitude (Figure 37). On November 6 (Day 310), an air mass of CHy rich air is
being separated from the air mass of the associated tropical extrusion (in the Atlantic
off the coast of Nova Scotia). During the following days, this air mass moves eastward
and starts to circle around the north polar vortex. On November 12 (Day 316) it is
mixed into another air mass that extends along the Pacific coast. Parts of the large
air mass of CHy rich air, which is located over the Pacific Ocean, are drawn through
the southern United States towards the Atlantic. During the following days, there are

complex interactions with the polar extrusions of CH4 poor air.

In addition to examples of transport from the tropics into middle latitudes, which
have also been shown in previous studies (e. g. Randel et al., 1993), the trace gas
distributions of Figure 37 indicate a pronounced transport in the opposite direction.
It can be seen that CHy poor air is transported from middle latitudes into the tropics
at and below 40° N, 110° E (Days 310 to 312). After November 8 (Day 312) an air
mass of relatively low CH, mixing ratios is located at 20° N, 90° E, and is surrounded
by air of higher mixing ratios. Thus, the time sequence of the analyzed data suggests

that irreversible mixing occurs.

The situation shown in Figure 37 has been investigated by means of the TEM
equation. Figure 38 compares measured CHy (4.6 mbar) tendencies (0y/0t, solid
curve) to tendencies calculated from the sum of all terms on the right of Equation 13 at
4.6 mbar. The calculation of transport terms (right side of Eq. 13) is based on CRISTA
trace gas structures and UKMO wind and temperature fluctuations obtained from
synoptic fields. The measured tendencies have been determined by comparing zonal
mean CHy values of Day 310:0 to respective values of Day 314:0. The divergence of the

eddy flux and the effects of the residual mean circulation have been calculated with a
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Figure 37: Time sequence of assimilated CH, data of CRISTA at 4.6 mbar. Data are
shown for November 6, 7, 8, 9, 10 and 12, 1994. (For details see text.)
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Figure 38: Comparison of measured zonal mean tendencies of CH4 mixing ratios (solid
curve) with calculated tendencies. The calculation includes all terms from the right
side of Equation 13. In addition, effects of eddy transport are shown by the dashed
curve.

temporal resolution of one day. Figure 38 shows averages obtained for the time period
from Day 310:0 to 314:0. Effects of the eddy flux divergence (predominantly %8My /0Yy)
are much larger than effects of the residual mean circulation and of photochemical
production and loss at this altitude. The relative latitudinal shape of the measured
and the calculated tendencies are in reasonable agreement. A relative minimum at 20°
N shows up in the measured tendencies as well as in the calculated tendencies. It is
related to the transport process from middle latitudes to the tropics. Measured zonal
mean mixing ratio tendencies are about -0.007 ppm/day at 18.75° N (Figure 38). A
longitudinal plot at this latitude shows that the largest tendencies (-0.03 ppm/day)

occur in a longitudinal band of about 50° width centered around 80° E (see Figure 37).

Figure 38 demonstrates the feasibility of trace gas budget studies based on assim-
ilated high resolution trace gas fields even for relatively short observation periods of
about a week. In future analyses, the diagnostic tools developed for CRISTA will be
applied to long term series of assimilated ENVISAT trace gas fields in order to derive
seasonal cycles and latitudinal variations of trace gas eddy flux divergences and effects

of the mean meridional circulation on the background atmosphere.
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5.3 Modeling of chemically active species

Comparisons of global observations of chemically active species with results of three-
dimensional simulations are often hampered by an inadequate representation of dy-
namical processes in the model. As described in this section, a reasonable separation
of dynamical effects and photochemical effects can be obtained by sequential assim-
ilation of long-lived tracers and chemical families. The resulting global distributions
of the long-lived species account for the dynamical conditions prevalent during the
observational period of a given instrument, i. e. for the important dynamical struc-
tures, thereby providing useful constrains for simulations of chemically active species.
Through such an approach, the relative contributions (partitioning) of chemically ac-
tive species to their chemical families may be studied under realistic conditions. A
detailed understanding of the partitioning of chemical families such as total nitro-
gen (NO,) is especially important, for example, for the assessment of chemical ozone

losses.

Stratospheric ozone losses result primarily from catalytic cycles involving odd ni-
trogen, odd chlorine, odd hydrogen, and odd bromine. Reactions involving odd ni-
trogen (NO, = NO + NO,) species are the dominant stratospheric ozone sink above
~ 25 km altitude (e. g. Crutzen, 1970; Brasseur et al., 1997). For this reason, a
detailed understanding of the partitioning of the nitrogen family is crucial for quan-
titative determinations of ozone destruction rates. The nitrogen partitioning can be
significantly influenced by heterogeneous reactions (e. g. Solomon et al., 1996). For
example, heterogeneous hydrolysis of NoOj5 is an important sink of NO,, in the lower
stratosphere (e. g. Fahey et al., 1993). The reaction also substantially alters the
effect of other cycles since the ratios of odd hydrogen members (OH/HO,) and of odd
chlorine members (C10/CIONO,) are controlled by NO,.

Analyses of the nitrogen partitioning have been performed based on aircraft and
balloon observations with limited geographical coverage (e. g. Salawitch et al., 1994;
Sen et al., 1998). The results suggest that the partitioning of NO, species (total
nitrogen) relevant for stratospheric ozone destruction is reasonably well understood, at
least for conditions with high aerosol loadings. Analyses of satellite data provide global
coverage and reveal a gradual increase of the NO,/NO, ratio in the post-Pinatubo

stratosphere, consistent with model predictions (e. g. Morris et al., 1997; Danilin et
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al., 1999). However, the nitrogen partitioning obtained from satellite observations to
date has only been investigated in terms of zonally averaged values or single profile
data based on box models or two-dimensional models. The sequential assimilation

approach presented here allows for three-dimensional simulations of chemical processes

observed by CRISTA.

Assimilation of chemical families

The technique described here is an extension of the trace gas assimilation technique
(Section 5.1) to chemical families (NO,, Cl,, O,). It is used to constrain simulations
of chemically active species such as NyO5 and NO,. The assimilation is based on the
“observed” mixing ratios of families, which are estimated from measurements of indi-
vidual components. The reactive nitrogen reservoir (NO, ) is estimated, for example,
from the observed nitrogen components (NO},) and the relative contributions (o) of
each component to total NO, as predicted by the model. The model predictions of the
relative contributions () of the individual family members NO; (NOy, HNO3, N5Os,
and CIONQO, for CRISTA-1) are evaluated at the locations (altitude z, longitude A,
latitude ¢) and the local solar times (LST) of the observations. The “observed” NO,,
mixing ratio is estimated for each measured nitrogen component NOZ separately based
on the predicted relative contribution («;). This yields four different estimates of the
“observed” NO, amount, one for each observed component. The best estimate of the
“observed” NO, value is obtained by weighting the different estimates inversely with

their variance o2

. Finally, the best estimate for NO, is inserted into the model by
using the sequential assimilation procedure. The mixing ratio values of the family
members are adjusted according to the updated NO, value. The relative partitioning

remains unchanged.

Since the observed NO, members (NOy, HNO3, N3O, and CIONO,) are not
directly inserted into the model, their values will only be in good agreement with
corresponding model results, if the partitioning ratios predicted by the model are
in good agreement with the partitioning ratios measured by CRISTA. The model
predictions of the nitrogen partitioning are basically a function of the atmospheric
aerosol loading and kinetic parameters of key gas-phase reactions (e. g. Ry: NOy +
OH + M — HNOs3; Ry: OH + HNO3 — NO3 + H0). As discussed by Osterman
et al. (1999), gas-phase kinetic parameters of DeMore et al., (1994) result in better
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agreement between modeled and observed nitrogen species than kinetic parameters
provided by DeMore et al., (1997), mainly due to a slower rate of reaction R;. Recent
studies (e. g. Gao et al., 1999) demonstrate that best agreement is achieved when
using newly measured rate constants (Brown et al., 1999 a,b) for reaction Ry and Rs.
To test the sensitivity of the modeled nitrogen species to the aerosol loading and the
values of the kinetic parameters, four test cases have been defined: Case A; is based
on the newly measured rate constants and aerosol surface densities obtained from
SAGE II observations carried out in October, 1994; in case Ay heterogeneous reactions
are neglected; case By uses the newly measured rate constants and aerosol loadings
provided by HALOE; case By is based on HALOE aerosol and kinetic parameters of
the JPL-94 compilation.

40°N, Day 311

5 NN, tol

[ ANDO. NoA ] [ ACIONO, Sac NO, |1
OoNO, Y s [ O HNO, : N .
10F 49 11 \ w197 i A4 5
o A 5 —— N /i
/ s 1 ) ;
_8 kg -7 —— o //_'
- - 7/ .
£ - T e L
—_ L _ - S Az L "/_.)' 7/
o 20 z 50 ——#A— ‘ 47
(-
> 5 AN J,' ) \\ ‘ \§> ;
0 AN\ _,%_ s
4 \_\A_ i . * X i
S0l g A of BT -
a 2 4 ; /
e /;é— b % /
/z'/”é_ ';:9-/ 7&7/ '3 /
g e - - gw —A— //
F S 5 L e .
50 “r ‘ 50— 4/

Volume Mixing Ratio [ppb]

Figure 39: Comparison of measured (symbols) and simulated zonal mean profiles
(30°N to 50°N) of nitrogen components for early nighttime conditions (19 LT). The
left panel shows results for NoOs and NOs, while the right panel contains CIONO,,
HNOg, and NO,, values. For details concerning the model cases Ay, Ay, By, and B,
see text. (Figure 2 of Riese et al., 2000Db).

Comparisons of measured (symbols) and modeled (lines) mixing ratio profiles of
four nitrogen components are presented in Figure 39. Mid-latitude (30°N to 50°N)

zonal averages calculated from individual profile measurements and corresponding

73



model forecasts of the constrained model are shown for early nighttime conditions
(19 LT). The upper panel of Figure 39 demonstrates the importance of heterogeneous
reactions on sulfate aerosols at altitudes below 10 mbar (30 km). The neglect of
heterogeneous reactions in case A, results in a considerable overestimation of the
amounts of NoOs and NOy. More realistic results are obtained in cases A; and B;.
Compared to the strong influence of the aerosol loading assumed for the simulations,
the sensitivity of NyO5 and NO5 on assumptions made for the gas-phase rate constants

(case By) is rather small.

The local solar time (LST) distribution shown in Figure 15 indicates that most
information about diurnal variations of chemically active species is contained in ob-
servations performed in the latitudinal regions of the northern and southern turning
points of the orbital tracks. Figure 40a shows CRISTA values of NO, at 3.16 mbar
measured during the time period from day 308/1734 to day 314/0354 in the lati-
tudinal band from 30°N to 50°N (orange points). Note that observations of other
nitrogen species are not available at this altitude level. The LST coverage of the
combined measurements of the three telescopes is about 12 hours. It includes the
day to night transition (terminator), where steep gradients in the diurnal variation of
NOj occur. The large scatter of the observation is mainly due to intense zonal varia-
tions caused by dynamical processes. As discussed above, the CRISTA observations
were performed during a dynamically disturbed period characterized by intense wave
activity and exchange of tropical air and extra-tropical air, for instance, in the form
of planetary-scale tongues. Figure 40a also shows observed values averaged over the
time step (20 min) of the model (black symbols). The observations are compared to a
zonally averaged diurnal cycle obtained from the model (orange line). The night/day
ratio is of the order of 3-4 for both model result and observation. However, the tran-
sition from day to night is somewhat steeper in the measurement. Simulated values
of unmeasured species such as NO, (NOy+NO), HNO3, CIONO,, and N5Oj are also
shown in Figure 40a. Figure 40b presents the same comparisons at 10 mbars, where
CRISTA observations of NO,, HNO3, N5O5, and CIONO, are available. Shown are
averaged values for all species as well as single observations of HNOj3 (green points)
and CIONO; (violet points). At this pressure level, the night/day ratio of NO; is

larger in the observation than in model case Bj.

Comparisons of horizontal distributions of measured and modeled (case B;) NO,,
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Figure 40: (a) Comparison of measured and modeled diurnal variations of nitrogen
species at 3.16 mbar (50°N to 60°N). Single observations of NO, are given by orange
points. Mean observed NOy values are also shown (black symbols). Corresponding
zonally averaged model results are given by colored lines (orange: NO,, green: HNOj,
blue: N5yOs, violet: CIONO;). For more details see text. (b) Same as (a) but for the
10 mbar level. Single observations are shown for HNOj3 (green points) and CIONO,
(violet points). Mean observed values are also shown (colored symbols). (Figure 3 of
Riese et al., 2000b).
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Figure 41: Comparison of measured and modeled nitrogen species for November 6,
1994 at 22.5 mbar (25 km). Shown are distributions of HNO3, CIONO, (upleg),
CIONO; (downleg), and NyO5 (downleg). (Figure 4 of Riese et al., 2000b).
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species are shown in Figure 41 for November 6 (day 310) at 22.5 mbar. The left panel
shows the observation, while the right panel shows the model forecast (before NO,, is
updated by new observations) at the instrument sampling grid, i. e. at the locations
and times of the observations. One day of observations (day 310:0 to day 311:0)
is shown. The HNOj distributions (upper panel) contain all measurement points of
November 6, since no major diurnal variations are present at this altitude level. For
CIONOs, observations on the upleg were separated from observations on the downleg

(second and third panel). For NyOs only measurements on the downleg are shown.

For HNOj3 the shape of the polar vortex is well reproduced by the model. In
the northern hemisphere two pronounced planetary-scale tongues can be seen in both
observations and model results. Another weaker tongue of tropical air extends across
the South American continent into the Indian Ocean. The overall agreement of the
observed and modeled structures is remarkable. The most notable difference concerns
the overestimation of HNOg3 by the model in the tropics. The observed distributions of
CIONOs exhibit important diurnal variations, which are well reproduced by the model.
The model also reproduces significant horizontal structures at middle latitudes, which
resemble the structures observed in HNOj. In the case of NyO5 the overall agreement
is considerably worse. In particular, the model overestimates the amount of NyOs
at high latitudes, probably due to an underestimate of the aerosol loadings. This
discrepancy becomes even larger when using aerosol loadings provided by SAGE II
(case Aq).
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6 Summary

The CRISTA experiment provided high-quality limb observations of atmospheric in-
frared emission with high spatial resolution. The inversion of these observations to
atmospheric temperature and trace gas distributions is based on an efficient data sys-
tem. The fast measurement technique of CRISTA results in a large amount of radiance
data. The radiative transfer calculations required to retrieve atmospheric pressures,
temperatures, and trace gas mixing ratios (level 2 data) are very complex and sev-
eral iterations of the whole retrieval process have to be performed in order to achieve
high-quality retrieval results. The CRISTA forward radiance model therefore uses
fast radiative transfer codes based on pre-calculated atmospheric emissivity lookup
tables which account for the details of the CRISTA spectroscopy. The forward model
is the core of a multiple-emitter multiple-spectral sampling point onion-peeling algo-
rithm, which proved to be well suited to resolve horizontal and vertical atmospheric

structures.

CRISTA provides information on the most prominent atmospheric wave types,
e. g. on thermal tides and on planetary waves. Temperatures measured by CRISTA-1
(November 1994) show pronounced tidal structures which can be described by the
linear theory as implemented in the GSWM (Global Scale Wave Model, Hagan et
al., 1995). Planetary wave-two signatures observed during CRISTA-2 are consistent
with those expected from a migrating planetary wave with an ozone signature, which
is dynamically driven at lower altitudes (below 35 km) and photochemically driven
at higher altitudes. CRISTA results above the middle stratosphere show a better

agreement with photochemical equilibrium calculations than previous analyses.

CRISTA observations are especially suited for analyses of atmospheric transport
processes. In the equatorial stratopause region (50 km) circulation cells arising from
inertially unstable conditions were present during the CRISTA-1 observation period.
Two separate circulation cells in different longitude bands with opposite phases were
observed. Another new finding is that the upper stratospheric circulation cell appears
to be linked to a lower-stratosphere Kelvin wave with a zonal wavenumber of one.
Since the Kelvin wave has about the same vertical scale as the circulation cells (~
10 km), and is approximately in phase with it, interactions between these two dy-

namical features may have occurred. The vertical motion associated with the Kelvin
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wave could have affected the inertially unstable flow, e. g. by controlling its vertical
scale. The temperature perturbations observed by CRISTA are rather small and may
have been below the detection limit of previous observations. Circulation cells aris-
ing from inertially unstable conditions could be more common than previous studies
would indicate and thus play a significant role for tracer transport in this atmospheric

region.

High resolution stratospheric trace gases distributions measured by CRISTA are
ideally suited for studies of stratospheric transport related to planetary wave activ-
ity, especially when they are used in conjunction with a three-dimensional transport
model. The CRISTA missions took place during periods of disturbed dynamical
conditions characterized by relatively large wave activity and associated exchange of
tropical and extra-tropical air. As a result, numerous small and medium-scale struc-
tures were present in the trace gas distributions measured by CRISTA. The detailed
structure of the observed constituent distributions has been modeled with the NCAR
ROSE chemical transport model. The modeled trace gas distributions capture most
of the measured planetary-scale and medium-scale structures, especially at high and

middle latitudes.

For quantitative studies of transport and photochemical processes the ROSE CTM
has been used as the core of a sequential data assimilation system. Sequential assimi-
lation of long-lived species and chemical families appears to be an attractive technique
to create synoptic trace gas fields from asynoptic satellite observations. The assim-
ilation system provides synoptic distributions that are consistent with the CRISTA
measurements at each time step of the model (20 min). Data gaps are filled and
the measured trace gas distributions are extrapolated towards higher latitudes. The
assimilation system provides, in addition, distributions of unmeasured species (con-
sistent with the measurements). The main advantage of assimilated trace gas distri-
butions is the availability of synoptic trace gas fields derived from observations on the
temporal and spatial grid of the meteorological fields. This allows, for example, for
quantitative studies of eddy fluxes and of their influence on the temporal evolution of
the background atmosphere. Horizontal eddy fluxes of CFC-11 (31.6 mbar) calculated
for CRISTA-1 from the assimilated trace gas concentrations are in reasonable agree-
ment with respective fluxes calculated from modeled trace gas fields without data

assimilation. Both data sets indicate a large degree of temporal cancellation of eddy
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transport during the time period of the CRISTA-1 measurements. A study of the CHy
budget at 4.6 mbar indicates that irreversible transport processes are rather important
at this pressure level during the time period of the CRISTA-1 measurements. Most
interesting is a pronounced mixing event from mid-latitudes into the tropics, which is

also evident in measured and calculated zonal mean CH, mixing ratio tendencies.

To study chemical processes of short-lived species under realistic conditions, the
assimilation system has been extended to chemical families such as NO,, Cl,, and O,
Through this approach, simulations of short-lived species such as NyO5 and NO, can
be constrained by CRISTA observations of long-lived species, and total amounts of
chemical families, derived from measurements of individual family members. This al-
lows for meaningful comparisons of measured and modeled short-lived species. In the
present case, the approach has been successfully used to perform a study of the parti-
tioning ratios of the nitrogen family. In particular, the dependence of the partitioning
on assumptions made for the aerosol loading and key gas-phase reaction rates was
investigated. Very good agreement between measured and modeled fields was found
in terms of significant diurnal variations and large longitudinal variations. Sequential
assimilation of chemical families appears to be an attractive method to investigate
global fields of chemically active species provided by satellite observations, thereby

testing our current understanding of photochemical processes.
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