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ABSTRACT

The SABER radiometer on the TIMED spacecraft scans the earthlimb continuously in ten channels spanning the
spectrum from 1.27 to 15 gim. The signature of the diurnal tide in the equatorial region is apparent throughout the
mesosphere in TIMED/SABER data, especially in the CO2 15-gm radiance profiles. In addition, layer structures are
apparent in a large fraction of the both the radiance profiles and the kinetic temperature profiles derived from them. We
present results showing tidal and layer features in the variation with local time and latitude of 15-jim radiance and
temperature. Temperature inversion layers (TILs) are regions of extreme perturbations in the retrieved temperature
profile where the temperature increases rapidly over 3-10 km range by tens of degrees K, sometimes approaching
increases of 100 K, and are not represented in any existing atmospheric climatologies. Theories that have been
proposed connect them with the amplitude and phase of atmospheric tides, as well as with the interactions and
dissipation of atmospheric gravity waves and planetary waves. The radiance local maxima, or "knees," are more
mysterious. Their occurrence is rather unpredictable and not well explained by models, although it is known that they
are due to vibrational excitation of C0 2 by atomic oxygen and they may have tidal connections. While they may be
associated with strong TILs, the most important class occurring at tangent heights in the lower thermosphere between
100 and 115 km appear not to be simply related to local inversion layers. SABER data offers the opportunity to do the
first global survey of MLT TILs, determine their spatial extent and persistence time, and develop a global climatology
of their occurrence and properties.

Keywords: Earthimb, infrared, atmospheric tides, temperature inversion layers, radiance layers

1. INTRODUCTION

SABER' is a ten-channel radiometer, one of four instruments launched on 7 December 2001 aboard the TIMED
spacecraft2 into a 625-km circular orbit with an inclination of 74'. It scans the limb continuously from the hard earth up
to almost 350 km tangent height (TH) using a moving mirror. The radiance data are oversampled, since they are spaced
every 0.4 km in TH within SABER's 1.8-km field-of-view (FOV). TIMED's target region is the mesosphere and lower
thermosphere (MLT) between altitudes of 60 and 180 km. SABER uses the channel radiances to derive atmospheric
composition, kinetic temperatures (Tk), and heating / cooling rates. The three 15-jm CO2 channels (channels 1-3) and
the 4.3-jim CO 2 / NO' channel (channel 7) are used to derive Tk, pressure, and CO2 volume mixing ratio (vmr) between
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15 and 130 km altitude.3' 4 The quality of the SABER temperature data has been validated by intercomparison with
MacWAVE Campaign falling-sphere measurements5, as well as lidar and other data.

The SABER instrument line-of-sight (LOS) looks at the earthlimb in a direction perpendicular to the satellite track. In
the orbits of any given day, a specific local time (LT) is associated with all the measurements at any given latitude.
However, as the TIMED orbit precesses slowly with a period near 64 d, the LT associated with a latitude changes
through a large range. Moreover, the SABER instrument must always have its LOS on the antisunward side of the
orbital plane in order to keep it from looking at the sun. Due to orbital precession this requires that a yaw maneuver be
performed about every 64 days. The tangent points seen by the SABER instrument with a tangent height near 100 km
altitude are located about 220 in earth-centered angle away from the sub-satellite points. The range of latitudes covered
at the tangent point varies with the phase of the yaw cycle, alternating between 52S-84N and 84S-52N. Thus the
coverage in the northern and southern hemispheres is asymmetrical, and high latitudes are fully accessible in only one
hemisphere at a time.

The structure of the radiance and of the temperature as a function of LT and latitude reflects perturbations by a large
number of atmospheric processes. Among the most important of these processes are atmospheric gravity waves (GWs)
(for example 6 '0 ). GWs are typically launched by disturbances in the troposphere and propagate upward adiabatically
while growing exponentially in amplitude in the linear regime. As their amplitude grows they undergo nonlinear
interactions with other atmospheric modes or break and deposit their energy and momentum in the atmosphere affecting
its energy budget. This coupling is especially efficient near critical layers where the horizontal phase speed of the wave
equals the background horizontal wind in the direction of wave propagation.

Atmospheric tides"1 are special GWs whose period is a submultiple of the day. The most important ones, the migrating
tides, are driven by solar heating in ozone and water vapor in the stratosphere and upper troposphere and are phase
locked to the sun. The main periods present are 24 h (the diurnal tide, DT) and 12 h (the semidiurnal tide). Curiously,
the GW wave vector is orthogonal to its group velocity, so that upward propagating GWs in the MLT from lower-
atmospheric sources are associated with downward phase progression (and vice versa). This behavior applies equally to
tides which, in the MLT above the forcing region, propagate downward with a vertical phase speed of one vertical
wavelength (- 22 km) in one tidal period, say 24 h. This amounts to a phase speed near 1km/hr.

Typical temperature and 15-gim radiance profiles show layer structures where the profiles reach local maxima. This is
not in conformity with the overall trends in the MLT region for the temperature to reach a minimum at the mesopause
height and for the radiance to decrease exponentially with TH. In the Tk profiles such temperature inversion layers
(TILs) are often regions of extreme perturbations where the temperature increases rapidly over a 3-10 km range by
several tens of degrees K, sometimes approaching increases of 100 K, and are not represented in any existing
atmospheric climatologies. These inversions include peaks due to GW and tidal Tk oscillations, although their
amplitudes are much larger than predicted by standard linear tidal models such as the GSWM.12"14 Theories that have
been proposed connect them with the amplitude and phase of atmospheric tides, as well as with the dissipation of
atmospheric gravity waves and planetary waves and their nonlinear interactions with tides.'5"2' The radiance local
maxima, or "knees," are more mysterious. Their occurrence is rather unpredictable and not well explained by
models,26-28 although it is known that they are due to vibrational excitation of CO2 by atomic oxygen and they may have
tidal connections. While they are sometimes associated with strong TILs,. the most important class occurring at THs in
the lower thermosphere between 100 and 115 km appear to have no connection with local inversion layers.

In Section 2 we consider tidal effects in the SABER 15-gim radiance and Tk, following with a global survey of radiance
and inversion layers in the SABER data. in Section 3 and the conclusions of the study in Section 4.

2. ASCENDING/DESCENDING DIFFERENCES AND TIDAL EFFECTS IN SABER CO 2 15-gM
DATA

A survey of SABER Level lB (calibrated channel radiance) data that was conducted early in the mission, as a part of
the data validation process, revealed out-of-phase wavelike patterns in the ascending and descending CO 2 15-itm
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(channel 1, 2, and 3) radiance that are strongly suggestive of DT oscillations, especially in the equatorial region. This
led to an investigation of the associated non-LTE retrieved temperatures, which also showed tidal features.
At equatorial latitudes, we found that the daily mean radiance profiles for ascending and descending portions of the
orbits differed by as much as 40% between 70 and 110 km TH, with the difference changing sign in an oscillatory
manner. Oscillatory patterns were seen with a smaller amplitude at lower altitudes down to -30 km. The natural
interpretation is that the 15-lim emission rate directly reflects wavelike Tk and minor-species density oscillations in the
atmosphere. These, in turn, are manifestations of atmospheric tides---particularly the DT---which dominates at low
latitudes and produces the ascending/descending contrasts. Otherwise stated, the Tk oscillations arise from adiabatic
tidal vertical displacements, which also modulate the atmospheric total density and the density of all minor constituents.
This modulation of the constituent densities also contributes to the associated radiance oscillations.

These radiance difference patterns are present throughout the period we examined, and they vary in a striking way as
the orbit precesses in local time. Figure 1 shows data from a 33-day period (21 Mar - 23 Apr 2002) within a single yaw
cycle, during which the orbital precession produced a local-time change of --6.5 hours. The difference profiles, taken for
ten days distributed within this period, are characterized by tidal behavior" -- an amplitude that grows exponentially
throughout the mesosphere, a vertical wavelength of -22-25 km, and phase fronts descending with increasing local time
at a rate of -22 km/day. This vertical wavelength and vertical phase speed result in a period of 24 hr, exactly as
expected for the DT. The radiance differences in Figure 1 are plotted as a fraction of the mean and offset from one
another for clarity. Similar tidal patterns have been predicted and observed in airglow data.29-3 2

The ascending/descending LT difference is only -8.8 hours at the equator, so the full amplitude of the tide is not
manifest in any single day's data. At higher latitudes, where the semidiurnal tide is dominant, the radiance differences
produce more complicated patterns, as one would expect. Nevertheless, they will also provide a useful means of study-
ing tidal fluctuations.

Equatorial Bin, Ascending/Descending Channel-1 Radiance Differences
120

110

100

•-. 90
180 -~22km

,80

(U-SLT =18.9 &3.6 hrs Day 1 3
S50 - SLT = 1 9.6 & 4.4 hm. Day 109

- SLT =20.4 & 52hrs. Day 105
- SLT =21. 4&6.2 hrs, Day 100

40 - SLT = 22.2 & 7.0 hrs, Day 96
- SLT =23.0 &T8 hs, Day 92
- SLT = 23.4 & 8.2 hrs, Day 90
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Figure 1. Compilation of SABER equatorial ascending/descending 15-pin radiance differences,
corresponding to pairs of local times separated by -8.8 hours, for ten days spaced throughout a
33-day period in March-April 2002. The data are characterized by a vertical wavelength of 22-25
kin, a growing amplitude with tangent height, and phase fronts descending with increasing local
time at a rate of -22 kmlday --- all characteristics of the diurnal tide.
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The DT signature is also obvious in the ascending/descending differences of retrieved Tk (Level 2A) data. In Figure 2
we show the modulation of the MLT temperature by the tide. The daily mean retrieved temperature at the equator is
plotted for a typical day in late March 2002, separated into ascending/descending categories. As expected, both from the
behavior of the radiance and from tidal theory, the difference profile has an exponentially growing amplitude and a
wavelength of -22-25 km.

Ascending-Descending Temperature Comparison, 5°N-5°S, March 27, 2002
120 ............. ......I 120

"-110_ _: 110

100 100

90 90

80 80

±.". -_ Ascending. LT~O1. h1 s
70 * -"• n Descending, LT - 9.0 hrs 70

60 60

50 50

40 40

30 . . . . i t .......... ....... ,, 30
160 180 200 220 240 260 280 300 320 340 -40 -20 0 20 40 60

Kinetic Temperature Difference (K)
Figure 2. Daily mean kinetic temperatures (Tk) for the ascending (45 events) and descending (47 events)
portions of the orbits, and the difference of the two, at the equator for a single day in March 2002, from the
Level 2A retrieved Tk values. The error bars give the daily rms deviation.

3. GLOBAL SURVEYS OF RADIANCE AND TEMPERATURE-INVERSION LAYERS

We will analyze on a global basis the occurrence and distribution of layer structures in the SABER channels 1-3 Level
IB and Level 2A data. It is noteworthy that the mean temperature profile of Figure 2 shows on the ascending (night)
side a TIL with an increase of almost 60 K in -10 km near 85 km altitude. This is typical of equinox conditions in the
SABER data set. TILs are found in a large fraction of all scans, particularly near the mesopause and at low latitudes.
These TILs will sometimes be associated with corresponding radiance layers, or so-called "knees". Moreover, it is very
common to have radiance knees at higher altitude in the lower thermosphere, where they are not necessarily associated
with local TILs.

Both an initial survey of SABER Level lB data and earlier investigations of MSX limb data3 3 showed that these
radiance knees are extremely variable and suggested the value of examining the global occurrence rates of these
common but poorly understood features. It turns out that the knees have a distinct LT and latitude dependence. An
example is given in Figure 3. The radiance and temperature layers are extremely important for the MLT energy budget,
because CO2 15-gm emission is the dominant cooling mechanism in the lower thermosphere and reaches a maximum
there. Atomic oxygen is largely responsible for exciting the 15-pm radiating v 2 states above 90 km, but prominent knees
cannot be reproduced using standard climatologies, even with extremely high 0 densities. Moreover, variability of
atomic oxygen alone is insufficient to explain their appearance, or lack of appearance, and the differences in their
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properties. In fact, it is not known reliably why they appear at some times and places, but not at others, although the
temperature gradient seems to play a role.

SABER Channel 3 Limb Radiance Comparison
To better understand the radiance knees and to 13 .

determine their occurrence probabilities and " : ''"
properties, we examined two full yaw cycles 120 -
(Mar-May and Sep-Nov 2002). Defining knees _Radiackn

by the criterion that the ratio RmaJRmin be 110 .• ance knee(I110 km)

greater than 1.1, where Rm. and Rmn are the 1
radiances at the two local extrema, we found 100

that these features are clustered along the equa- Radiance layer
tor at certain LTs and at midlatitude at other resultig from"i inversion layer
LTs. Figure 4 shows the distribution for the 80Ir 7 lkm)
later yaw period in 2002, obtained using 1-h
local time and 2' latitude bins. The results are 70

similar for the earlier period. The clustering
pattern does not change when the selection 60
criterion is relaxed so as to include events with 1.0-8 1.0e-7 1.0o 1.0e-5 1 .e-4

Limb Radiance (watt/cm-sr)
ratios smaller than 1.1, or strengthened to ex- Figure 3. Radiance profiles from two very different events, 3 March
dlude all ratios below 1.2 or 1.3. We also found 2002. The low-latitude event (7S) shows two layers; the midlatitude
that the mean altitude of the radiance event (46N) has none.
maximum varies systematically, as shown for
the same yaw period in Figure 5.

In Figure 5 in particular, there ap-
Knee Percentage, ratio- .1, Sep-Nov 202 pears to be a diurnal dependence at

so the equator, and a semidiurnal

5o dependence at midlatitudes, sugges-
ting some association with tides.

40 Figure 6 shows the altitude of
individual radiance knees in the
equatorial zone, also suggesting an

0 so association with the DT. The exact
t mechanism whereby the tides may

cause these patterns is not yet
0 t understood. Considering that at-

omic oxygen alone does not appear
-10 30 to offer a satisfactory explanation, it

is our view that tide-associated
variability in the temperature and

-30 10 minor-species profiles in this region

-40 may be responsible. However, this

2 4 6 8 10 12 14 16 18 20 22 24 remains a work in progress, and
Locar TIM model calculations will likely be

Figure 4. Radiance "knee" occurrence probability distribution for Sep-Nov required to assess the validity of any

2002. The percent of scans with knees is given as a function of latitude and hypothesis.

local time. No data are available near local noon.
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Mean Tangent Atitude, Sep-Nov 2002, thr-1.A
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Figure 5. Distribution of mean tangent altitude (km) for radiance "knees", Sep-Nov 2002.

Turning our attention back to the TILs, many Rayleigh lidar studies have shown that TILs are very common in the
lower mesosphere near 60 km (for example34-36). With the advent of Na resonance lidars it has become clear that there
is also an important population of TILs in the mesopause region near 85-90 km.3 740 The lidar data have shown that
many of these layers ,descend in synchrony with the tidal vertical phase motion (for example4 1 ). In addition, studies
with spatially separated lidars have shown that these layers can extend over several hundred km. SABER level 2A data
offers the opportunity to do the first global survey of MLT TILs, determine their spatial extent and persistence time, and
develop a global climatology of their occurrence and properties.

1120 . .. ... .. . . . .. . o r

10°N-10°S

Figure 6. Altitude of . .-. .. . . . . .

radiance knees for indi- E
vidual events within 10 -• 110
degrees of the equator, as a M ..........-
function of local time. Data . .

are from the Mar-May 105

2002 yaw cycle.

5 . 7" 7 - Diurnal tide
- - vertical phase speed

0 4 8 12 16 20 24

Loce Time (hrs)

Proc. of SPIE Vol. 5571 187



Although a complete theory of TILs is lacking, they seem to be manifestations of lower-atmospheric forcing. It has
been suggested that TIL formation can be the result of GW steepening and GW-tidal interactions near critical levels (for
example •2"4) and also of breaking planetary waves in the mesospheric surf zone.23 24 It has also been suggested that
they are sometimes associated with heat release in exothermic Ox-HOw reactions. 43 These layers are important to
atmospheric energetics because these dynamical-chemical interactions change the form of energy and also because
layers radiate much more strongly than the background atmosphere and, hence, influence radiative cooling.

Significant results from the initial phases of our study include the following: (1) TILs are truly large-scale, if not global
phenomena, capable of extending coherently for several thousand km along the TIMED satellite track; (2) there is a
high probability of finding TILs in the 70-100 km region in any given scan, particularly at night; and (3) many TILs
have very large amplitude, much larger than typical predicted tidal amplitudes, even approaching 100 K. Moreover, we
have determined their occurrence probability and altitude distribution as a function of latitude and LT.

We have obtained coincidences between SABER and Colorado State University (CSU) lidar4' measurements of TILs
showing both good agreement and the spatially extensive nature of the layers. Figure 7 compares temperature
measurements made on 7 Oct 2002. Lidar results for that night recorded a large TIL that persisted for at least eight
hours, moving downwards from -93 km to -85 km at a rate consistent with the tidal vertical phase speed of -1 km/hr.
Clouds obscured the lidar's view at the time of the SABER overpass, but as shown in the figure the closest measurement
in time, 48 minutes later, agreed well with the SABER profiles despite the LOS averaging inherent in the limb retrieval.
Moreover, SABER saw TILs in every event of that particular orbit between 61N and 7N, an along-track distance of

SABER and CSU Lidar Temperalas Oct 7, 2002, UT-4.3, Near Fort Coils
100 i I ' - I .

+ UT:4.30, 43.64N, 258. IIE
- - -UT 4'31, 41.42N, 285K.00
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Figure 7. CSU lidar temperature measurements, 7 Oct 2002, compared with the three SABER events that were most nearly
co-located.
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nearly 6000 km. For the twelve events around the Fort Collins overpass, an along-track distance of 4100 km, the
altitude of the TIL was always between 88 and 91 kin, very similar to the lidar result. TILs have been seen in groups of
consecutive SABER events at many times and locations, giving a good indication that these features are commonly
spatially extended in the horizontal direction.

Figure 8 gives the occurrence probability distribution for the Sep-Nov 2002 yaw cycle in much the same fashion as was

done above for the radiance knees. Using the Level 2A data, and considering only inversions of at least 20 K, we find
TILs in 80-90% of all events in some regions of the latitude/LT space. If the threshold is reduced to 10K, they are
nearly ubiquitous in these same regions, which are mostly nighttime. On the other hand, in other regions, the chances of
seeing a large inversion are quite small. This is particularly true during daytime at high latitude and midlatitude.

Above, in Figure 2, we saw an inversion of 60 K in the nighttime-mean of the ascending temperature for a single day,
near the equator. We identified several individual events with TILs of amplitude 90 K. The largest such features cluster
near the equator; in fact, rather few "small" (<20K) TILs are found there near local midnight.

TIL Percentage, AT>20K Sep-Nov 2002
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Figure 8. Percentage of all scans in which at least one inversion layer exceeding 20 K was identified, as
a function of latitude and local time for the Sep-Nov 2002 yaw cycle.

Figure 9 gives the altitude distribution of all TILs exceeding 20K in the same yaw cycle. In the equatorial region, the
layers cluster around -83 km at night and -93 km in the daytime. At midlatitudes, the nighttime TILs are the ones most
often seen above 90 km.

4. CONCLUSION

We have shown that the Level 11B SABER CO 2 15-ltm radiance data and the Level 2A temperature (Tk) data derived
from it have a rich structure as a function of latitude and LT. The results show that these data exhibit strong indications
of tidal influence. We have also characterized the occurrence probability and properties of layer structures in the data.
Both TILs and radiance layers or "knees" show characteristic structure as a function of altitude, latitude, and LT, with
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tidal connections well in evidence. Both radiance and Tk layers have a high probability of occurrence, especially in
certain regions of space-time, and are spatially extensive. Future investigations will extend this study to other seasons,
quantify more thoroughly the spatial correlations and persistence of layer structures, and study in depth whether existing
non-LTE radiative theory can explain the radiance knees.

Mean TIL Tangent Altitude, Sep-Nov 2002, &T> 20 K
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Figure 9. Distribution of inversion-layer altitude (kin), Sep-Nov 2002, as a function of latitude and local time.
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