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[11 A number of tropical perturbations that have all the characteristics of Kelvin waves
are identified in temperature measurements from the two flights of the Cryogenic Infrared
Spectrometers and Telescopes for the Atmosphere (CRISTA) instrument. The background
wind conditions during the two flights were quite different due to the different phases of
the quasi-biennial oscillation (QBO), and there were differences in the Kelvin waves
observed. During each flight, there were several different zonal wave numbers and/or
frequencies present simultaneously. The observed waves conform well to theory. In
particular, lower-frequency waves are confined to the lower stratosphere, while higher-
frequency waves appear in the upper stratosphere and mesosphere; the waves are centered
on the equator; and the frequency and structure satisfy the dispersion relation. Wave
signals also appear in several stratospheric trace species: Oz, CFC-11 (CFClz), HNO;,
N,O, and CHy4. The sense of the correlation of these trace species perturbations with
temperature (negative for CFC-11, N,O, and CHy; positive for lower stratospheric HNO3
and O3) confirms that vertical velocity is responsible for the perturbations. There is a shift
in the relative phases as photochemical processes become more important with increasing

altitude. Upper stratospheric ozone correlates negatively with temperature due to

temperature-dependent reaction rates that destroy ozone.
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1. Introduction

[2] Kelvin waves are an important class of atmospheric
perturbation because of their frequent appearance in the
tropical middle atmosphere and their role in the momentum
balance there. They have been shown to make significant
contributions to driving the mean wind oscillations that
dominate the tropical middle atmosphere climatology: the
quasi-biennial oscillation (QBO) in the lower stratosphere
and the semiannual oscillations (SAO) near the stratopause
and mesopause. Kelvin waves have distinct features that
make them straightforward to identify in global observa-
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tions. There have been a number of observations of Kelvin
waves from limb-viewing satellite temperatures [Salby et
al., 1984; Hitchman and Leovy, 1988; Canziani et al., 1994;
Shiotani et al., 1997] and they have also been detected in
satellite wind measurements [Srikanth and Ortland, 1998,
Lieberman and Riggin, 1997]. In addition, Kelvin waves
have been found in tropical radiosonde [Wallace and
Kousky, 1968; Holton et al., 2001], rocket [Hirota, 1979]
and radar [Riggin et al., 1997] data.

[3]1 Holton and Lindzen [1968] demonstrated that
momentum deposited by Kelvin waves would force easterly
acceleration of the zonal winds. There have subsequently
been numerous studies investigating the role these waves
play in models and in the atmosphere. They are believed to
play significant roles in the driving of the QBO [Takahashi
and Boville, 1992; Canziani and Holton, 1998] and the
SAO [Hirota, 1979; Dunkerton, 1979, 1982; Hitchman and
Leovy, 1988; Garcia and Sassi, 1999; Garcia et al., 1997].
These tropical oscillations in turn contribute to the varia-
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bility of Kelvin waves [Shiotani and Horinouchi, 1993;
Canziani et al., 1995]. Where the waves encounter a critical
level (westerly winds equal to wave phase speed), they will
dissipate. This means, for example, that low frequency
Kelvin waves rarely propagate to very high altitudes in
the middle atmosphere because of the likelihood of encoun-
tering weak westerly winds due to the QBO or SAO
[Canziani and Holton, 1998; Canziani, 1999]. Higher-
frequency Kelvin waves can penetrate much further [Hirota,
1979; Salby et al., 1984; Riggin et al., 1997] and have been
observed as high as the lower thermosphere.

[4] In addition to their contribution to dynamic variabil-
ity, Kelvin waves affect the distributions of trace species by
two mechanisms. First, the vertical velocity perturbations
advect chemical species that have a significant vertical
gradient and long photochemical lifetime. Second, temper-
ature perturbations affect the production and loss rates due
to the temperature dependence of reaction rates; this in turn
can cause perturbations in the concentrations of short-lived
species. Randel [1990] and Salby et al. [1990] showed
observations of the variations of several species and com-
pared these with theoretically predicted perturbations. In
particular, strongest coherent Kelvin wave signals are found
for trace species that have long lifetimes and sharp vertical
gradients or have short lifetimes and equilibrium concen-
trations strongly dependent on temperature. Other studies
have looked primarily at ozone in the middle and upper
stratosphere [Hirota et al., 1991; Randel and Gille, 1991;
Canziani et al., 1994] and found agreement with the
theoretical prediction that the most important effect is the
dependence of ozone photochemistry on temperature.

[s] Almost all of the global Kelvin wave temperature and
trace species observations mentioned above were made
using satellite observations that have good vertical resolu-
tion. This is important even in the upper stratosphere where
the known Kelvin waves have relatively long vertical
wavelengths (>10 km). Kelvin waves are not well resolved
in the nadir-viewing satellites used for routine temperature
monitoring of the stratosphere by National Center for
Environmental Prediction. They have been detected in
ozone column observations [Ziemke and Stanford, 1994]
despite the limited vertical resolution inherent in these data.
Other analyses have detected Kelvin waves with lower
resolution data [Hirota, 1978], but such observations are
rare. The Kelvin waves most commonly seen in the lower
stratosphere have very short vertical wavelengths and are
even more difficult to observe from satellite. In addition,
they are suppressed during the westerly phase of the QBO.
They have, however, been observed under favorable con-
ditions by several instruments on the Upper Atmosphere
Research Satellite (UARS). Shiotani et al. [1997] and
Canziani [1999] found these waves in CLAES temperature
data and Srikanth and Ortland [1998] saw them during
September 1994 in both HRDI wind data and MLS temper-
ature data.

[6] The observations described in this paper were made
during the two flights of the Cryogenic Infrared Spec-
trometers and Telescopes for the Atmosphere (CRISTA).
The data include temperatures and concentrations of a
number of trace species. Profiles are inverted from three
simultaneous limb-scanning telescopes and have high
vertical and horizontal resolution. Each of the flights
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lasted for a little more than a week; they occurred during
different times of the year and different phases of
the QBO. Several Kelvin modes are clearly identified
during each flight. Observed waves range in frequency
from slow (periods >20 days) to very fast (periods around
3 days) and in altitude from the tropopause to the upper
mesosphere.

[7] The focus of this study is determined by the strengths
and limitations of the CRISTA data. The former include the
high vertical and horizontal resolution, the broad vertical
range of the profiles, and the simultaneous measurements of
temperature and trace species. The primary limitations are
the short duration of the two CRISTA flights and the
irregular sampling. With these constraints, we look at details
of the wave structure and how it evolves. We are able to
determine variation of wave fields from day to day
although, if their periods are long compared to the CRISTA
mission, we can not always determine the wave periods
exactly. Theoretical descriptions of Kelvin wave structure
are used to confirm the presence of Kelvin waves.

[8] Section 2 gives a brief description of the data and
analysis. Section 3 presents observations highlighting the
Kelvin waves that were evident in the temperature fields.
Section 4 discusses the relationship of the observed Kelvin
waves with one another and with the background mean
wind. Section 5 presents Kelvin wave signatures in the
concentrations of five trace species in the stratosphere.
Conclusions are given in section 6.

2. Description of Data and Analysis
2.1. CRISTA Instrument and Inversion

[o] CRISTA (Cryogenic Infrared Spectrometers and
Telescopes for the Atmosphere) employs limb-scanning
spectrometers designed to measure temperature and trace
species in the middle atmosphere at high spatial resolu-
tion. CRISTA operates on board the Shuttle Pallet Satel-
lite (SPAS), a free-flying satellite launched and retrieved
by the Space Shuttle. CRISTA measures simultaneously
with three telescopes whose viewing angles are offset by
18°. This gives a global data set with high horizontal and
vertical resolution and a broad vertical range. A brief
description of the instrument is given in the work of Riese
et al. [1997]. Details of the instrument and inversion are
contained in the studies of Offermann et al. [1999] and
Riese et al. [1999].

[10] The first flight of CRISTA, hereafter CR-1, took
place during early November 1994. Days of year 308—
316 correspond to 4—12 November. The second CRISTA
flight (CR-2) occurred in August 1997. Days of year
220-228 correspond to 8—16 August. This paper uses
version 3 of the inverted data from CR-1 and version 1
from CR-2.

[11] A number of different operating modes were used
during the CRISTA flights. Riese et al. [1999] and
Grossmann et al. [2002] describe the modes and schedul-
ing for CR-1 and CR-2, respectively. The data used in this
study are from the M1 and M2 modes. The M1 mode
extends from the tropopause to the upper mesosphere. M2
is nominally a stratospheric mode but every fourth scan
(generating three temperature profiles) extends into the
mesosphere.
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[12] CRISTA stratospheric temperature profiles are
inverted from CO, 12.6 pm radiance. Reconstruction of
the tangent height is supported by the accurate star tracker
on board. The inversion uses an onion peeling technique.
Tangent points of radiance data are separated 1.5 km in the
vertical. For stability, the inversion of radiance to get
temperature is performed separately on two profiles, each
taking every other point (vertical spacing 3 km, offset by 1.5
km). These two profiles are then recombined to produce
inverted temperature profiles at 1.5 km spacing. Temper-
ature systematic and random errors at 40 km are 2.1 K and
0.4 K, respectively [Riese et al., 1999]. Random temper-
ature errors of the extended scans (see above) are a factor of
1.5 larger. Relative pressure is constructed from temperature
with a tie-on in the lower stratosphere (23 km) to assimi-
lated data from the Goddard Data Assimilation Office.

2.2. Data Processing

[13] Inversion of the CRISTA radiances yields vertical
profiles that have variable altitude ranges and are on a
variable grid based on the tangent points. The resulting
horizontal distribution of profiles can be seen in, e.g.,
Oberheide et al. [2002]. All data were interpolated to fixed
altitudes with 1 km spacing. The data are then used in two
forms: binned in space and time, described in this subsec-
tion, and unbinned but analyzed by a fitting technique,
described in the following subsection. The former analysis
illustrates phase speed and daily variability of low fre-
quency waves; the latter is able to isolate the structure of
higher-frequency waves.

[14] The procedure for creating binned fields for
CRISTA tropical data was, first, to separate the data by
observing mode (M1 and M2) and by telescope (left,
center or right). For each of these, a reference mean
profile was created that was the average of all observa-
tions between 10°S and 10°N for all longitudes and times.
Perturbation profiles were obtained from each profile by
subtracting the appropriate reference mean. This separa-
tion by mode and telescope minimizes the impact that
systematic difference might have on the perturbation fields
[Ern, 2000] (M. Ern et al., Calibration procedures and
correction of detector signal relaxations for the CRISTA
infrared satellite instrument, submitted to Applied Optics,
2002). Because of the large number of profiles produced
by CRISTA during a day, the bins contain many profiles
(usually 50—100) that average out any remaining differ-
ences resulting from instrumental effects. In the binned
data to be shown in section 3, perturbation data from each
equatorial profile was put into a bin of 30° longitude and
one day. Unless otherwise noted, all latitudes (10°S to
10°N) are averaged together.

[15] Where it makes sense physically, those binned data
are used to illustrate the wave behavior during the CRISTA
flights. The binning procedure allows us to see daily
variations in the wave structure and irregularities in the
phase that would not be resolved by analysis such as
spectral decomposition. For example, the phase progression
of a particular zonal wave number gives an estimate of the
period, even if the period is longer than the data record.
However, because of binning in time, the binned data can
distort or obscure certain features such as the structure and
behavior of short period waves.
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Figure 1. Zonal mean wind over the tropical region

averaged over the entire mission for a) CR-1 and b) CR-2.
Units are ms™ '

2.3. Frequency Fitting

[16] To isolate particular traveling waves, we use a fitting
function that follows from the assumed form of a traveling
wave and is given by:

T) = A sin (kx; — wi; + ) (1)

where T7, t; and x; are temperature deviation from the zonal
mean, measurement time and longitude of an individual
CRISTA measurement, respectively. The zero points in time
are Day 310 and Day 222 for CR-1 and CR-2, respectively.
The ground based frequency of the wave w and the zonal
wave number k are prescribed and the amplitude 4 and the
phase ¢ are estimated by means of a least squares Fit (LSF)
procedure. They are assumed to remain constant over the
period of analysis.

[17] The wave number £ takes only integer values (1, 2,
3,...) and is expected to remain the same over the domain
and lifetime of the wave. The amplitude may vary as a
wave packet grows and decays and as the wave prop-
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Figure 2. Longitude x altitude cross-sections of CR-1 temperature deviation from the mission mean,
averaged over the latitude band 10°S to 10°N. Panels show a sequence of days. Vertical scale extends

from 18 to 32 km. Units are K.

agates in a nonzero background wind. The frequency can
change with altitude because of shear in the background
zonal wind. We use several cross-checks to verify the
wave frequencies identified in the LSF technique. First,
for longer period waves (t > 7 days), we compare the
frequency from the LSF analysis with that identified from
a time-longitude plot of the phase progression of the
temperature deviations. In addition, we calculate the
percentage of standard deviation which is described by
the fit. Because of the short duration of the CRISTA
flights, the frequency fits are not orthogonal.

[18] To determine the limitations of the frequency fitting
technique, we performed a number of tests on synthetic
data. The tests look at cases where wave amplitude can vary

with time, there can be more than one wave present
simultaneously, realistic tidal temperatures are included,
and the sampling is based on the actual CR-2 observation
pattern. These indicate the following:

1. Temporal variations in amplitude degrade the relia-
bility of the frequency analysis for waves with periods
longer than 7 days.

2. The diurnal and semidiurnal tide can in general alias
into other frequencies and/or wave numbers but do not
make a significant contribution to any of the waves
identified in this paper.

3. Although it is possible to verify that longer period
waves are present (i.e., through the phase progression), the
fitting technique alone is not able to distinguish the exact
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Figure 3. Phase of wave number 1 as a function of height
on each of 6 days of the CR-1 mission. Phase is plotted only
where amplitude exceeds 0.3 K. Labels refer to day of year;
phase for day 314 is not shown because of insufficient data.

frequency for realistic nonsteady waves, particularly when
more than one frequency is present.

4. The “beating” associated with the interference of two

waves with the same zonal wave number but different
frequencies and vertical wavelengths is difficult to disen-
tangle if one of the wave periods exceeds 7 days.
With these findings in mind, we use caution in interpreting
the analysis results. The frequency fitting analysis is used
primarily for mapping out the structure of the waves. All
waves presented here also show other evidence convincing
us that they are likely to be Kelvin waves.

[19] Close inspection of the CR-2 wave patterns indi-
cates an obvious change in the wave pattern during the
course of the mission. Therefore an additional analysis of
the second mission divides it into two parts that are
analyzed separately.

3. Temperature Structure of Kelvin Waves

[20] The primary dynamical measurement of the
CRISTA instrument is temperature. The high resolution
of the CRISTA data permit a detailed look at the wave
structure, while the short duration requires us to look at
all the days individually. For understanding Kelvin wave
propagation and structure, it is also important to know the
background zonal mean wind in the equatorial region.
Tropical zonal mean winds averaged over the two mis-
sions are shown in Figure 1. These have been derived
from the CRISTA geopotential using the balance wind
approximation and interpolated between 7.5°S and 7.5°N
with a cubic spline interpolation. See Oberheide et al.
[2002] for details.
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[21] Ward et al. [1999] showed that the diurnal tide in
temperature was quite large overall during the first CRISTA
flight. In the upper stratosphere, the temperature tidal
amplitude reached a local maximum of about 2 K and had
a vertical wavelength of 28 km. During CR-2, the diurnal
tide was weaker but there was, in addition, a nonmigrating
tide with significant temperature amplitude [Oberheide,
2000]. Because of the short duration of the CRISTA flights,
there is not much progression in local time. Tides will
appear as almost stationary features. The impact of tides in
the stratosphere is weak because of their small amplitudes
there. Tests with synthetic data found that tidal contami-
nation of the results is minimal even in the lower meso-
sphere.

3.1. Structure of Tropical Waves in CRISTA-1

[22] We will begin by showing the structure of the
tropical waves that appear in CR-1 temperature. CR-1 took
place in early November 1994. Figure 2 shows the pertur-
bation temperature as a function of longitude and altitude in
the lower stratosphere, averaged across the equator from
10°S to 10°N. The mean temperature has been subtracted to
highlight the perturbation structures. From top to bottom,
the panels show successive days. The most striking feature
on this figure is the prominent wave number 1 structure with
a strong eastward phase tilt with height. Looking more
closely, one can also make out a wave 2 structure that is
most pronounced in the lowest levels (18—22 km). These
are the Kelvin waves that were clearly identified during the
first CRISTA flight, and their structure will be discussed
below. Although these waves have significant amplitude,
their vertical wavelength is fairly short and they would
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Figure 4. Phase of wave number 2 as a function of height
on each of 6 days of the CR-1 mission. Phase is plotted only
where amplitude exceeds 0.15 K. Labels refer to day of
year; phase for day 314 is not shown because of insufficient
data.



CRI 5-6

CR-1
total
316

perturbation T

SMITH ET AL.: CRISTA KELVIN WAVE OBSERVATIONS

18km

Z

314

S

L5

312

310 p

=

308 4.2
316 wave 1
— = _ a6
314 -
N~ .
310 .
| | |
308
wave 2 1.2
316 I I I
— —
- - 0.6
314 .
- 0.0
312 p
L 0.6
310 £
| | | T.2
308
316 wave 3 .
o — S, S, _ S
— — 2.4
312

310

308

w
o

-180 -120 -60 0

7 — — a=n I
- 5 5. < L}

longitude
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km, averaged over the latitude band 10°S to 10°N. Top panel shows total; lower panels show
contributions from wave numbers 1, 2 and 3, respectively.

therefore be difficult to detect in nadir-viewing satellite
instruments; they do not have the structure of Kelvin waves
in the NCEP analyses for this period.

[23] The temperature perturbations of Kelvin waves tilt
eastward with height and move eastward with time. Figure 3
and Figure 4 show the daily phases of waves 1 and 2,
respectively, in the stratosphere during CR-1. The phases
are plotted only where the amplitudes exceed a threshold
(0.3 K for wave number 1; 0.15 K for wave number 2).
Note that there is a gap of one day due to insufficient data
on day 314. Wave 1 shows a very slow eastward phase
progression in the lower stratosphere and a faster phase
progression between 25 and 30 km; there is no clear wave

progression above 32 km. On most days, the amplitude of
the wave is above the threshold at all altitudes and the phase
of the wave varies continuously between the two phase
regimes. Wave 2 also shows a slow phase progression in the
lower stratosphere (18—25 km) and a more rapid phase
progression above.

[24] There is, in addition, a wave 3 perturbation that
appears to have a slowly eastward moving phase just at
the tropopause, although no vertical structure information is
available because the amplitude decays by 20 km. The
behavior of wave 3 can be seen in Figure 5, which shows
the temperature perturbation at 18 km and the contributions
of wave numbers 1-3 to the total perturbation. The simul-
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taneous appearance of these three different wave numbers
suggests that a packet of waves were excited and that they
were able propagate to different altitudes. A similar pattern
was seen by Salby et al. [1984] for wave numbers 1 and 2.

[25] With the short data record, a precise separation is not
possible but the appearance from Figures 3 and 4 is that
there are discontinuities between two waves with different
frequencies and vertical structures. Previous observations
have suggested that middle atmosphere Kelvin waves are
grouped into three, or possibly four, different frequency
ranges. The slow Kelvin waves [Wallace and Kousky, 1968;
Shiotani et al., 1997] have periods of 10—20 days and are
seen in the lower stratosphere. The fast Kelvin waves
[Hirota, 1978, 1979; Hitchman and Leovy, 1988] have
periods of 6—10 days and are more evident in the middle
to upper stratosphere. The ultrafast Kelvin waves [Salby et
al., 1984; Lieberman and Riggin, 1997], with periods of 3—
4 days, are seen in the upper stratosphere, mesosphere and
lower thermosphere. There is also evidence of waves in an
ultraslow frequency range (periods 25-30 days) in the
lowest part of the tropical stratosphere [Canziani, 1999].
Observations in which more than one frequency range has
been observed simultaneously indicate that there appear to
be discrete preferred frequency ranges with a clear separa-
tion between them [Salby et al., 1984; Canziani et al., 1994;
Shiotani et al., 1997].

[26] The consistent eastward-tilting phase structure char-
acteristic of a Kelvin wave in CR-1 disappears above
about 30 km. However, previous observations have shown
that Kelvin waves that are observed in the upper strato-
sphere are either “fast” or “ultrafast”. High frequency
Kelvin waves (periods of <6 days), if present, would be
distorted or masked by the daily binning used for creating
Figures 2, 3, 4, and 5. The fitting procedure described in
section 2 can detect signals from high frequency waves.
Results from this analysis for a large range of periods
down to one day were screened but also did not reveal
any sign of coherent, equatorially trapped eastward trav-
eling wave activity in the mesosphere or upper strato-
sphere during CR-1.

[27] The wave number 1 and 2 temperature perturbations
described above have been referred to as Kelvin waves.
They have several of the basic Kelvin wave characteristics:
significant amplitude in the equatorial region, eastward
phase tilt with height, and eastward progression with time.
We compare additional details of the wave structures to
those of a theoretical Kelvin wave to verify the Kelvin wave
identification.

[28] Another characteristic that can be used to identify
Kelvin waves is the relationship between frequency w, zonal
wave number k and vertical wave number m, which is
known as the dispersion relation. If the background wind
shear is weak, as it was during the CR-1 mission, the
dispersion relation takes on the simple form

Nk
B m

w—ku

)

where N is the buoyancy frequency and u is the average
zonal wind. For a given wave number, higher-frequency
waves will have larger vertical wavelengths. There are two
distinct frequencies of wave number 1. For a narrow
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Figure 6. Latitude structure of CR-1 wave number 1
temperature at 25.5 km, based on the frequency fitting for a
period of 12 days (solid line). Also shown is a Gaussian fit
centered on the equator (dashed line) corresponding to a
Kelvin wave 1 with an 11-day period. Units are K.

region in the lower stratosphere (20—24 km), the phase
progression is about 21 deg/day (86° from day 309 to day
313 at 22 km), in the slow to ultraslow range. The
background zonal wind, which shifts from 5 m/s westerly
to 5 m/s easterly, gives a Doppler shifted phase speed
ranging from 17 to 25 deg/day. This implies a vertical
wavelength of 7-10 km. At 28 km, the apparent
frequency is higher (34 deg/day) but the background wind
is again westerly and the Doppler shifted frequency is
about 30 deg/day (vertical wavelength of 12 km). There is
also a change in the vertical structure of wave number 1 in
the lower stratosphere; the vertical wavelength is smallest
at altitudes between 20 and 22 km and becomes longer
above. As noted, some but not all of the change can be
accounted for by the shift in background wind. Assuming
vertical and zonal wavelength and intrinsic frequency are
fixed wave characteristics, one would interpret the
observations as indicating that there is more than one
wave present. For wave 2, the apparent frequencies are
about 20 deg/day at 22 km (vertical wavelength of 8 km)
and 37 deg/day above 26 km (vertical wavelength of
15 km) and, again, it appears as if more than one wave is
present.

[29] Kelvin wave amplitudes are symmetric about the
equator with maxima near the equator. A slight offset can
occur in the presence of meridional shear in the background
zonal wind [Boyd, 1978]. For an idealized Kelvin wave, the
latitudinal structure is given by

T(y) = Ty exp {2(;6—%} 3)

where 7T is temperature, y is latitude, and [ is the
meridional derivative of the Coriolis parameter. Figure 6
shows the CR-1 wave 1 amplitude as a function of latitude
at 25. km. To generate Figure 6, we use the frequency fit



CRI 5-38 SMITH ET AL.: CRISTA KELVIN WAVE OBSERVATIONS
CR-2 T
day
220
day
221
7.0
day .
222 '
5.0
day 4.0
223
3.0
2.0
day
224 1.0
0.0
day 1.0
225
2.0
day 3.0
226 4.0
5.0
day
227 6.0
7.0

30
-180 -120

-60 0

60 120 180

Figure 7. Longitude x altitude cross-sections of CR-2 temperature deviation from the mission mean,
averaged over the latitude band 10°S to 10°N. Panels show a sequence of days. The altitude range is 30—

55 km. Units are K.

information, described in section 2. For determination of
the latitudinal structure of the observed waves, we use data
binned in 5° latitude intervals over the entire mission. A
Gaussian fit is also shown; the corresponding period is
about 11 days. The correspondence in the shapes of the
curves is excellent. The phase of this wave 1 (not shown)

has almost no variation with latitude, as expected for a
Kelvin wave.

3.2. Structure of Tropical Waves in CRISTA-2

[30] There are significant differences in the Kelvin waves
that appeared during the first and second CRISTA flights.
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Figure 8. Longitude x altitude cross-sections of CR-2 temperature deviation from the mission mean,
averaged over the latitude band 10°S to 10°N for days 225-227 over an altitude range from 30 to 80 km.

Units are K.

This is due at least in part to the fact that the background
zonal winds were different, associated with different phases
of the QBO and SAO. During August 1997, the QBO was
westerly through the entire lower stratosphere, eliminating
the possibility of low-frequency Kelvin waves in the middle
atmosphere. No identifiable Kelvin waves were found
below 25 km. The SAO was in transition from easterly to
westerly but still had significant easterly winds. During this
mission, Kelvin waves were evident from the middle strato-
sphere to the upper mesosphere. Unfortunately, coverage of

the higher altitudes (above 55 km) is intermittent so only
limited information about the wave structure in the middle
and upper mesosphere is available. Figure 7 shows the daily
equatorially averaged temperature perturbations for the
middle and upper stratosphere, with an eastward-tilting
wave beginning to appear on day 221 and becoming large
in the later days of the mission. During the last three days,
coverage in the mesospheric mode was sufficient to extend
this view to higher altitudes. Figure 8 shows the perturba-
tion temperature structure over a wide vertical range (30 to
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Figure 9. Phase of wave number 1 as a function of height
on the last 5 days of the CR-2 mission.

80 km) for these three days. Although the eastward prop-
agating wave has fairly large amplitude in the mesosphere,
the perturbation field appears quite noisy compared with the
large amplitude waves seen in the stratosphere. A number of
small scale and/or rapidly changing processes in the meso-
sphere such as gravity wave breaking, inertial instability and
tidal variability contribute to the higher spatial and temporal
variability normally found there.

[31] The phase progression of wave 1 during days 223—
227 of CR-2 is shown in Figure 9. (The phase tilt was
westward with height during days 220 and 222; there is
insufficient data for a determination of the wave structure on
day 221.) Beginning on day 223, there is a clear eastward
phase tilt and eastward phase progression. On the last two
days the phase structure indicates a coherent pattern up to
70 km (see also Figure 8). In general, wave activity was
more developed during the second half of the CR-2 mission
and was, in addition, observed over a broader vertical
domain because of the use of the mesospheric measuring
mode. For this reason, some of the analysis described here
was applied separately on the time periods day 220-223
(first half) and 224-227 (second half).

[32] A look at Figure 7 provides evidence that a large part
of the temperature variability is associated with an eastward
traveling wave number 1 disturbance. As noted above, the
phase shift with time appears to be more rapid above 35 km
than it is below there. This case differs from that seen in
CR-1 in that, as described below, there is evidence for the
existence of a high frequency wave 1 Kelvin wave (period
about 4 days). With this being the case, the shift in phase
speed apparent in Figure 9 can come from either or a
combination of different physical situations.

1. The phase speeds seen on the figure represent the
actual wave frequencies, which cover a wide range and vary
with altitude.
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2. The interference between a low frequency wave 1
with a short vertical wavelength and a higher-frequency
wave 1 with a long vertical wavelength gives rise to an
apparent continuous shift in phase speeds.

[33] Figure 10 illustrates the results of the frequency
fitting technique using data from the second half of CR-2.
The amplitude is indicated for a range of periods at all
stratospheric altitudes. This again emphasizes the range of
apparent periods. Two maxima appear. There is a weak
maximum of 2 K near 34 km that has a period around 10—
15 days. The other broad maximum amplitude (>3 K)
extends from 40 to 50 km and covers a range of periods
from 4 to 12 days. Clearly more analysis is needed to
distinguish which wave frequencies are most likely to have
contributed to the observed wave number 1. To do this, we
take advantage of the fact that the frequency fitting techni-
que is most reliable for short-period waves. In addition, we
use the Kelvin wave dispersion relation and latitudinal
structure equation to cross-check our interpretation.

[34] The analysis shows a robust 4 day wave 1 with
maximum amplitude of 3.5 K at the equator between 45 and
50 km (Figure 11). The vertical phase tilt indicates a phase
progression of 70° between the altitudes of 40 and 54 km at
the equator, indicating a vertical wavelength of 36 km. This
is close to the theoretical prediction of 42 km for a 4-day
wave in a background wind of —20 m s~ (see Figure 1).
There is almost no phase shift with latitude across the
equatorial region. The latitudinal variation of amplitude,
shown in Figure 12, likewise corresponds very well with
that predicted for a wave with this Doppler shifted period.
Tests with synthetic data show that waves with periods
shorter than the CRISTA mission but longer than 24 hours
are well resolved. While there could in principle be con-
tamination by other wave or tidal modes, there is no
evidence of the presence of the components that would
map into this particular wave number-frequency combina-
tion. The frequency fitting analysis for a 4-day wave 1 is
therefore considered to be reliable.
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Figure 10. Amplitude of wave | from the frequency
fitting for the second half of the CR-2 mission as a function
of altitude and period. Contours are from 1 to 3 K at 0.5 K
intervals.
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Top panel shows amplitude and bottom panel shows phase. Fit is based on temperature data from the
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Figure 12. Latitude structure of CR-2 wave number 1
temperature at 46 km, based on the frequency fitting for a
period of 4 days (solid line). Also shown is the idealized
structure for a wave with this Doppler-shifted period
(dashed line). Units are K.

[35] It appears from Figures 7, 8, and 9 that there is also
a lower-frequency wave present. The period of 13 days in
the middle stratosphere can be estimated from Figure 9;
the fitting analysis with a period of 13 days (Figure 13)
indicates that this component has significant amplitude
over the range 30—45 km. It was also evident from Figure
10 that the longer period wave components tend to be
dominant at lower altitudes than the shorter periods. The
predicted vertical wavelength for a 13-day wave number 1
ranges from 5 km for a —20 m s~ ' background wind to 11
km for zero background wind. The vertical wavelength
determined from the analysis (see Figure 9 and Figure 13)
is fairly short (10—20 km) around the altitudes of 30—40
km but still is at the upper limit (zero wind approximation)
of the theoretical prediction. The lack of phase shift with
latitude conforms to the predicted behavior. The latitudinal
width of the amplitude estimated from the analysis is
significantly wider than that predicted from Kelvin wave
theory. In both cases (latitudinal width and vertical struc-
ture), the apparent structure of the wave is Kelvin-like but
is characteristic of a shorter period than the 13-days
identified from the observed phase progression. Tests show
that superposition of two k& = 1 waves with different
periods will produce a perturbation temperature whose
amplitude fits a Gaussian shape in latitude that is inter-
mediate between the widths of the those for the two waves
separately. Therefore, while there is evidence that a wave
exists, the short span of the observations do not allow us
to cleanly separate this wave from the shorter-period wave
(or waves) that is also present.

[36] The frequency fitting analysis also reveals evidence
for two high frequency waves with higher zonal wave
number, both of which have structures that correspond well
with theoretical Kelvin waves. There is a wave number 2
(illustrated in Figure 14) with a period of 3.5 days that is
strong during the first half of the mission but was negligibly
small in the second half. Wave number 2 is the dominant
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zonal wave number during days 220—-223 in the altitude
range 45-55 km and its eastward phase progression is
clearly visible in longitude X time cross-sections (not
shown). The vertical phase progression indicates a vertical
wavelength of 28 km, almost identical to the theoretical
prediction of 27 km. The latitudinal width for the wave is
predicted to be 17.5° and the fit to the data give a best fit for
16.5°. All evidence supports the identification of this feature
as a Kelvin wave. This particular periodicity has also been
detected in tropical airglow variations [Takahashi et al.,
2002].

[37] There was also a small but coherent 5 day wave with
an unusual zonal wave number of 4 that appears between 35
and 50 km during the second half of the mission (illustrated
in Figure 15). The tests with synthetic data do not give any
indication that such a signal would result from aliasing of
any of the other waves observed during CR-2. Other
evidence supports our conclusion that this feature is actually
a Kelvin waves. The vertical wavelength inferred from the
phase structure (18 km) corresponds well with that pre-
dicted by the dispersion relation with a mean wind of 20 m
s~'. The coefficients for the Gaussian structure in latitude
cluster around 17° (close to that predicted from theory).
Temperature and zonal wind perturbations that appear to be
a Kelvin wave with zonal wave number 4 and a 5-day
period have also been seen in lower stratospheric radio-
sondes by Holton et al. [2001].

4. Discussion of Wave Characteristics and
Variability

[38] One of the intriguing aspects of the waves observed
by CRISTA, as well as waves reported in other data, is the
simultaneous appearance of several wave numbers and
several frequencies. In this section, we describe the aspects
of the observations relating to the relationship of different
Kelvin waves to one another and to the background mean
flow. Since the CRISTA flights were short, we cannot get a
sense of the climatology of the waves. However, the high
resolution of the data allow us to get a detailed snapshot of
the diversity of Kelvin wave activity during two quite
different periods.

[39] Zonal mean tropical winds for the two missions
differed markedly, as shown in Figure 1. During November
1994, the QBO was in transition, with easterly winds below
about 25 km and westerly winds above. The SAO still had
westerly winds in the upper stratosphere. This means that
very slow-moving Kelvin waves would encounter a critical
line somewhere in the lower stratosphere, 25—30 km, while
faster moving waves might be able to propagate to the
middle or upper stratosphere. Because of the phase of the
SAO, it is unlikely that there would be any but high
frequency Kelvin waves that could propagate beyond the
upper stratosphere.

[40] The background wind conditions are qualitatively
consistent with the suite of waves seen in the CRISTA data.
We have already noted one feature of the relationship
between the waves observed: the shift from lower to higher
frequencies for both waves 1 and 2. This occurred for both
the lower stratospheric waves observed in CR-1 and the
upper stratosphere and mesosphere wave number 1
observed during CR-2. Note also that the phase speeds of
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Figure 13. Wave number | from data fit to a structure with constant amplitude and a period of 13 days.
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explained by the fitted wave. Fit is based on temperature data from the second half of CR-2.
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As in Figure 11, but for wave number 2, 3.5 day period during the first half of CR-2.
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Figure 15. As in Figure 11, but for wave number 4, 5 day period.

wave 1 and 2 during CR-1 are similar. In the lowest part of  dency for simultaneous wave number 1 and 2 having similar
the stratosphere both are around 15-20 deg/day and above phase speeds. Holton et al. [2001] found perturbations
25 km both are about 35 deg/day. Salby et al. [1984], consistent with zonal wave numbers 2 and 4 with approx-
Canziani et al. [1994] and Canziani [1999] noted a ten- imately the same phase speed. These give support for the
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Figure 16. Longitude x altitude cross-sections of CR-1 O; mixing ratio deviation from the mission
mean, averaged over the latitude band 10°S to 10°N. Panels show a sequence of days. Units are ppmv.

hypothesis that a distinct synoptic event has spawned a set
of waves with different zonal harmonics.

[41] Several studies have looked at the pattern of
tropical waves in the middle atmosphere that emanate
from a tropospheric source [Coy and Hitchman, 1984;
Garcia and Salby, 1987; Salby and Garcia, 1987]. A
continuous range of frequencies can be generated by a
discrete event. Dispersion will cause different frequencies
to propagate vertically at different rates. However, the
modeling studies do not explain why there is an abrupt
change in the frequency with altitude rather than a
continuous transition. The theoretical and modeling work
found no such clean separation in the different frequency
regimes.

[42] The CR-1 flight in early November occurred after the
peak in the westerly phase of the stratopause SAO but was

still in a regime characterized by significant westerly winds
in the upper stratosphere. During CR-1, there were large
disturbances in the tropical lower mesosphere although
these did not appear to fit the description of Kelvin waves.
In particular, phases did not tilt eastward with height and did
not appear to move regularly between days. The wavelike
structures appeared to be associated with inertial instability
circulation cells identified in the stratopause region previ-
ously [Smith and Riese, 1999]. No evidence for fast or
ultrafast Kelvin waves was found.

[43] CR-2 occurred in early August when zonal winds
near the tropical stratopause were strongly easterly. The
westerly (QBO) winds in the lower stratosphere prohibit the
propagation of low frequency Kelvin waves but allow
higher-frequency waves to penetrate. A number of tropical
waves are found that appear to be Kelvin waves. Wave
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Figure 17. Longitude x altitude cross-sections of CR-1 HNO; mixing ratio deviation from the mission
mean, averaged over the latitude band 10°S to 10°N. Panels show a sequence of days. Units are ppbv.

number 1, having different frequencies at different altitudes,
dominates the equatorial perturbation temperature through-
out the middle atmosphere. Weak ultrafast waves that fit all
the characteristics of Kelvin waves were detected in the
lower mesosphere. One noteworthy wave is a wave number
4, which is higher than is normally reported for Kelvin
waves.

5. Kelvin Wave Signatures in Chemical Fields

[44] Randel [1990] showed that Kelvin waves will also
have signatures in the concentrations of both long-lived and
short-lived trace species. Other studies [Randel and Gille,
1991; Hirota et al, 1991; Canziani, 1994] have provided
additional documentation of the impact that Kelvin waves
have on ozone.

[45] It is noteworthy that, up until now, no signs of the
low frequency Kelvin waves that occur in the lower
stratosphere during the easterly phase of the QBO have
been detected in satellite tracer fields. This includes the
study of Shiotani et al. [1997] using CLAES data, which
found strong signals of these lower stratospheric Kelvin
waves in the temperature fields but none in ozone or
water. Another instrument that had sufficient resolution in
the lower stratosphere (LIMS) operated during the west-
erly phase of the QBO when these low frequency waves
were absent. CR-1 results indicate that Kelvin waves do
have a significant impact on the variations of lower
stratospheric tracers and that these variations are closely
linked to those of temperature, as predicted by theory. It
is not clear why such variations were not apparent in the
CLAES data.
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Figure 18. Longitude x altitude cross-sections of CR-1 CFC-11 mixing ratio deviation from the
mission mean, averaged over the latitude band 10°S to 10°N. Panels show a sequence of days. Units are
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[46] Of the constituents currently available in the
CRISTA data, we expect to see signatures of vertical
transport by Kelvin wave activity in several long-lived
tracers: N,O, CFC-11 (chlorofluorocarbon 11, which is
CFCl;), CHy, HNOs, and O3 in the lower stratosphere. In
addition, we also expect a signal for ozone in the upper
stratosphere due to the strong dependence of ozone
photochemistry on temperature. The observed short-lived
species, CIONO, and N,Os, are not expected to show
simple variation with Kelvin waves and this is confirmed
by the observations (not shown). They will not be
discussed further.

[47] The relationship of the perturbation field has been
shown to take on a simple form under two limiting
conditions [Randel, 1990]. Where the trace species is

approximately conserved and radiative damping can be
neglected, the relationship is

)

where § = HN*/R, H is the atmospheric scale height, N is
the buoyancy frequency, and R is the gas constant for
air. Alternatively, for cases when the tracer is approxi-
mately in photochemical equilibrium and has a loss rate
that varies with temperature, as is the case for ozone
above 40 km, the relationship is
W_poL

T LT (5)
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Figure 19. Phase of zonal wave number 1 for temperature
(0), ozone (*), nitric acid (+), and CFC-11 (#) at three
levels, for each day during CR-1.

where L is the photochemical loss rate. Finally, where the
photochemical loss rate becomes important but is not
highly dependent on temperature, as is the case for the
photochemical destruction of the source gases N,O, CFC-
11, and CHy in the region where their lifetimes become
less than a week, the ratio /7’ takes on an imaginary
part, indicating a phase shift between the tracer and
temperature perturbations.

oo (ka— W)+ i(kit — W)L i, ©)
T (ki —w)*+ 12 S

[48] The first limiting case (4) applies approximately in
the lower stratosphere for all the trace species considered
here. Since S is always positive, this means that p’ will be in
phase with 7" when the tracer gradient is positive and will
be out of phase with 7’ when the gradient is negative. N,O,
CH,4 and CFC-11 have negative gradients in the middle
atmosphere; HNOj3 has a positive gradient to about 28—-30
km, and O; has a positive gradient to about 30—32 km. N,O
and CHy are not shown because the range of the data did not
extend into the lower stratosphere where the Kelvin wave
was prominent.
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[49] Figure 16 shows daily tropical perturbations of ozone
during CR-1. The basic structure conforms well to what is
predicted by equation (4), i.e., the ozone concentration
shows a structure similar to temperature. The structure of
HNOj variations (Figure 17) is also similar to that of
temperature, indicating, as expected, that transport is dom-
inant for both of the species in the lower stratosphere. The
lifetimes of O3 and HNO; both become short enough near
30 km that photochemistry should begin to play a role
[Austin et al., 1986; Brasseur and Solomon, 1986]. How-
ever, it is also the case that the gradients of both disappear
there, so the impact of Kelvin waves on the concentration is
minimal.

[s0] Since CFC-11 has a negative vertical gradient over
its entire range, we expect perturbations (Figure 18) to be
approximately out of phase with those of temperature.
However, CFC-11 is rapidly destroyed by photolysis in
the stratosphere and its perturbation is then described by
equation (6).

[s1] The phase relationships are seen more clearly in
Figure 19, which shows the wave number 1 phase on each
day during CR-1 for temperature, O3, HNO;, and CFC-11 at
several levels. At all levels, phase of the wave number 1
perturbations in O3 and HNOj are close to those of temper-
ature. CFC-11 perturbations are out of phase at 22 km,
where the concentration is high. At 25 km, the CFC-11
concentration is decreasing strongly due to photolytic
destruction, and the phase relationship to the temperature
perturbation shifts as predicted by equation (6). CFC-11
concentration is not detected at 28 km.

[52] The Kelvin waves in CR-2 were observed in the
upper stratosphere and the mesosphere. As noted above,
ozone perturbations are predicted to have no correlation
with those of temperature in the vicinity of the ozone
maximum, around 32 km. Above there, both photochemis-
try and transport contribute to an anticorrelation of ozone
and temperature perturbations. This is seen in the CR-2
ozone (Figure 20). The relationship between temperature
and ozone in the CRISTA data has also been investigated by
Ward et al. [2000].

[s3] Concentrations of N,O and CH,4 are decreasing in the
upper stratosphere but still are sufficient to be observed by
CRISTA. Their behavior in the presence of a Kelvin wave
should be controlled primarily by transport, because the
photochemical timescales are long. Figure 21 shows the
phases of wave number 1 perturbations in temperature, Os,
N,O, and CHy at several levels during the last six days of
CR-2. Ozone perturbations are out of phase with those of
temperature, as seen by comparing Figures 7 and 20. The
perturbations in N,O and CHy are less regular, but overall
tend to be out of phase with the temperature perturbations
indicating the variations are dominated by vertical transport.

6. Conclusions

[s4] The two flights of the CRISTA instrument have
provided some new information about Kelvin waves. Of
particular note is the simultaneous presence of several
different Kelvin waves at different regions of the atmos-
phere and different zonal wave numbers. CRISTA also
allows a brief but detailed look at the evolution of a Kelvin
wave packet as it propagates. Because of its very high
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Figure 20. Longitude x altitude cross-sections of CR-2 O3 mixing ratio deviation from the mission
mean, averaged over the latitude band 10°S to 10°N. Panels show a sequence of days. Units are ppmv.

horizontal resolution and its broad vertical range (tropo-
pause to lower thermosphere), the CRISTA data archive
allow us to look at wave structures in detail simultaneously
over the entire middle atmosphere. The observations show
the structure of a wave number 1 Kelvin wave packet
(involving more than one frequency) over a very broad

range extending from the middle stratosphere to well into
the mesosphere. Although the two CRISTA missions lasted
for only about 8 days each, multiple Kelvin waves were
identified in each mission. A common feature was a
tendency for higher-frequency waves to be prominent at
higher altitudes. In both missions, a large amplitude Kelvin
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Figure 21. Phase of zonal wave number 1 for temperature

(0), ozone (*), N,O (+), and CHy (#) at two or three levels,
for each of the six last days of CR-2.

wave with zonal wave number 1 dominated the perturbation
temperature field in the tropics. In CR-1, November 1994,
the dominant wave number 1 was seen between 18 and 30
km while in CR-2, August 1997, the wave number 1 Kelvin
wave extended from 30 to 70 km.

[s55s] Using the day to day phase progression and a
numerical fitting technique, supported by evidence from
the vertical and latitudinal structure, we can identify per-
turbations as Kelvin waves. During CR-1, wave 1 Kelvin
waves were seen with periods of 17 and 11 days, both in the
lower stratosphere. Wave 2 was observed to have similar
phase speeds, giving periods of 9 and 5 days. There also
was an indication of a wave 3 with a similar phase speed to
the longer period wave 1 and 2 but, because it did not
propagate far into the stratosphere, no supporting evidence
for its identification as a Kelvin wave was available. During
CR-2, simultaneous Kelvin waves with zonal wave numbers
1 and 2 were again observed. The k£ = 1 wave periods were
found to be 13 and 4 days. The observed & = 2 wave had a
period of about 3.5 days. There is also evidence that an
observed wave number 4 perturbation was a Kelvin wave
with a 5 day period. Note that the short duration of the
CRISTA missions leaves some uncertainties as to the exact
frequencies of longer period Kelvin waves.
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[s6] CRISTA trace species data also show variations in
response to the tropical waves. This paper presents the first
global observations of the perturbations of trace species in
response to a low frequency lower stratospheric Kelvin
waves. Ozone, nitric acid, and CFC-11 vary as predicted
due to vertical transport. Upper stratospheric trace species
(O3, N,O and CHy) also show clear correlations with the
temperature perturbations associated with the Kelvin waves.
These observations, particularly those of trace species with
low concentrations such as CFC-11, are indications of the
reliability and unique capabilities of the CRISTA instrument.
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