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[11 Derived diurnal variations of temperature (diurnal migrating tides) in the stratosphere
and lower mesosphere based on satellite measurements from SABER on TIMED are
presented. They complement earlier studies by us and by others that concentrated on
higher altitudes. The amplitudes range from less than 1°K to a few °K, compared to those
in the upper mesosphere, which can reach 20°K. They are important to the understanding
of the dynamics and energetics and can be of additional value when used with previous
measurements that have records spanning decades but which do not provide adequate
information to estimate diurnal variations. We compare with results by others based on
satellite and ground-based measurements. At low altitudes (~25—12 hPa), the comparisons
are generally quite good, even for magnitudes of 1° or less. With increasing altitude,
the diurnal amplitudes display asymmetry with respect to the equator on latitude versus
day coordinates up to about 1 hPa (~48 km), where a transition begins, and the
morphology becomes reminiscent of the first symmetric propagating mode of the
migrating tide. A transition also appears in the diurnal phase gradient with respect to
altitude, where the regular progression of the diurnal phase becomes significantly smaller
at altitudes from about 2.8 to 0.22 hPa. The seasonal variations can show significant
semiannual behavior that peak near equinox but are less obvious at lower altitudes below
~10 hPa. Interannual variations in the upper stratosphere are qualitatively consistent with

those found previously at higher altitudes by us.
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1. Introduction

[2] We present derived results of temperature diurnal
variations over the 24 h of local solar time (LST) with focus
on the stratosphere and lower mesosphere (~25-0.1 hPa or
~25-64 km), from 48°S to 48°N latitude, for several years
beginning in 2002. The results are based on measurements
from the Broadband Emission Radiometry (SABER) instru-
ment [Russell et al., 1999] on the Thermosphere-Ionosphere-
Mesosphere-Energetics and Dynamics (TIMED) satellite.
We analyze zonal means of the data, and because of the
sampling properties of SABER, these variations correspond
to migrating thermal tides. Details are discussed in section 2.1
(SABER data sampling and analysis). Unlike instruments on
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most other satellites, SABER samples measurements over
the range of local times. As discussed below, although it
takes 60 days to do so and the measurements are asynoptic,
they provide the potential to quantitatively estimate diurnal
variations of the data. SABER data are special in the breadth
of their information content. They span the globe from the
stratosphere into the lower thermosphere and provide infor-
mation over the 24 h of local solar time since the beginning
of 2002.

[3] We also compare our results with previous studies by
others, some also based on SABER data and some based on
other satellites and ground-based measurements, in order to
provide an assessment of the quality of the analysis and of
the SABER measurements themselves.

[4] As discussed below, we [Huang et al., 2006a, 2006b]
and others [Zhang et al., 2006; Mukhtarov et al., 2009; Xu
et al., 2007, 2009] have previously analyzed SABER tem-
perature data, but the emphasis was on the upper meso-
sphere and lower thermosphere region. In the stratosphere
and lower mesosphere, there have been relatively few
quantitative analyses of temperature variations over the 24 h
of local time, in part because the variations are relatively
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Figure 1. Derived zonal mean temperature (°K), based on SABER data for year 2005, on altitude
(100-0.001 hPa) versus latitude (48°S—48°N) coordinates, for day 85. (a) Mean values that are averages
over both local time and longitude. (b) Corresponds to Figure 1a but for diurnal amplitudes.

small and in part because few measurements provided
global measurements over the range of local solar times to
enable quantitative analyses. Understanding global varia-
tions of the Earth’s atmospheric temperature is important
for both scientific and practical reasons. The variations of
temperature over a daily cycle reflect atmospheric thermal
tides that result from the absorption of solar radiation
and provide important information on the energetics and
dynamics of the atmosphere.

[5s] Derived temperature diurnal variations from SABER
data can also be of value when used in conjunction with
other measurements that span decades but which do not
provide adequate information to estimate diurnal variations
quantitatively. It can also be important in accounting for
diurnal variations in estimating secular trends from various
measurements [Beig et al., 2003]. As an example, temper-
ature soundings have been made over decades by the series
of NOAA polar orbiters, and the long-term records are
especially valuable. However, the data are nominally mea-
sured at two fixed local times only, and the orbits of some
satellites have drifted so that the local times at which the
measurements are made are also slowly changing. This
makes calibration, continuity, and interpretation among the
different data sets challenging. Understanding and having
estimates of the temperature diurnal variations over 24 h in
local time would potentially help to resolve these issues.

[6] To put the general morphology in perspective and
context, we first present some previous results that include
higher altitudes [see Huang et al., 2006a, 2006b]. Figure 1a
plots our derived zonal mean temperature variations on
altitude-latitude coordinates from 100 to 0.001 hPa (~16—
96 km) and 48°S—48°N latitude, for day of year 85, based on
SABER data from 2005. Figure 1b shows the derived
diurnal amplitudes corresponding to Figure la. It can be
seen that the diurnal amplitudes are generally larger at
higher altitudes and can range from less than 1°K to ~20°K.
What makes Figure 1a different from most previous plots of

this type, aside from the large altitude range, is that it shows
our derived zonal mean values that are averages over both
local time and longitude in a consistent manner. Previous
results of zonal means based on other satellite data usually
correspond to one local time, which can bias the values
significantly. The temperature at a given local time would
correspond to Figure 1a with additional variations based on
the diurnal amplitudes in Figure 1b, plus higher compo-
nents, superimposed.

[7] Although our focus is on the altitude range of the
lower half of Figure 1 (~100-0.1 hPa), we will have occa-
sion to compare with other results over the larger altitude
range from the stratosphere into the lower thermosphere in
order to assess the quality of both the measurements them-
selves and of the analysis we use.

2. Data Characteristics and Analysis

2.1. SABER Data Sampling and Analysis

[8] As noted earlier, SABER measurements provide the
potential to estimate the variations of temperature as a
function of local time over 24 h that data from other satellites
generally do not provide. The SABER instrument [Russell
et al., 1999] views the Earth’s limb to the side of the orbital
plane (~74° inclination) and vertical profiles of kinetic
temperature, corresponding to the line-of-sight tangent
point, are retrieved from measurements of CO, 15 and
4.3 pum emissions. Here we analyze measurements made
over the globe from about 31 to 0.21 hPa (~24—-60 km), over
24 h in local solar time, from the beginning of 2002. The
level 2A data (version 1.07), provided by the SABER
project, are interpolated to 4° latitude intervals and to fixed
pressure levels and, for each day, averaged over longitude
for analysis.

[v] Over a given day and for a given latitude circle,
measurements are made as the satellite travels northward
(ascending mode) and again as the satellite travels south-
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Figure 2. Zonally averaged SABER temperature data (°K) and estimated results plotted versus day of
year for 2005, at the equator and 0.46 hPa. Solid red line and diamonds represent ascending mode data
and fit, respectively. Dashed green line and squares represent descending mode data and fit, respectively.

ward (descending mode). Data at different longitudes are
sampled over 1 day as the Earth rotates relative to the orbit.
The orbital characteristics of the satellite are such that, over
a given day for a given latitude circle and a given orbital
mode (ascending or descending), the local time at which the
data are measured is essentially the same, independent of
longitude and time of day. For a given day, latitude, and
altitude, we work with data averaged over longitude: one for
the ascending orbital mode and one for the descending
mode, each corresponding to a different local solar time,
resulting in two data points for each day. Each can be biased
by the local time variations and is therefore not a true zonal
mean. True zonal means are averages made at a specific
time (not over a day) over longitude around a latitude circle,
with the local solar time varying by 24 h over 360° in
longitude. The local times of the SABER measurements
decrease by about 12 min from day to day, and it takes
60 days to sample over the 24 h of local time. Although this
provides essential information over the range of local times,
over 60 days, variations can be due to both local time and
other variables, such as season. Diurnal and mean variations
are embedded together in the data and need to be unraveled
from each other to obtain more accurate estimates of each.
Therefore, although SABER data provide information as a
function of local time that most other satellites do not, the
measurements are still asynoptic, and there may be inherent
limitations to the information content.

[10] Our algorithm is designed for this type of sampling in
local time and provides estimates of both diurnal and mean
(e.g., annual and semiannual oscillations) variations together
in a consistent manner. At a given latitude and altitude for
data over a period of a year, the algorithm performs a least
squares estimate of a two-dimensional Fourier series, where
the independent variables are local solar time and day of
year and variations as a function of local time and day of
year over 1 year are generated (see Appendix A). We cur-

rently do not obtain results poleward of 48° latitude because
data exist at the higher latitudes only on alternate yaw
intervals (60 days). Because it takes SABER 60 days to
sample over the range of local times, the sampling is less
than ideal and the information of the diurnal variations may
be limited to some extent, and we limit the number of
coefficients estimated as described in Appendix A. Once the
coefficients are estimated, both the mean components and
the diurnal variations can be calculated directly for any day
of year. The algorithm has been applied previously to
SABER temperature and ozone measurements of diurnal
variations and mean variations to study intraseasonal (ISO),
semiannual (SAO), and quasi-biennial (QBO) oscillations
[Huang et al., 2006a, 2006b, 2008a, 2008b]. It has also been
successfully applied to wind measurements from the
TIMED Doppler Interferometer (TIDI), as described in th
work of Huang et al. [2006a], and to MLS UARS ozone
measurements [Huang et al., 1997].

[11] Figure 2 shows an example of the sampling proper-
ties of SABER data and how well our algorithm estimates
the data. We show results at the equator and 0.46 hPa
(~55 km), year 2005 versus day of year, near the upper
boundary of the altitude range of interest, where the diurnal
variations are larger and more easily discerned graphically.
For a given day, the solid red line and dashed green line
represent the data averaged over longitude from the ascend-
ing and descending modes, respectively, each corresponding
to one local time. As can be seen, the two data points for
each day can differ significantly, reflecting different local
times. The diamonds and squares depict our estimates,
evaluated at the same day and same local time as the data.
The estimates approximate the measurements reasonably,
although we obviously cannot follow the day-to-day fluc-
tuations and there are some intervals over several days
where our estimates do not follow the data as well, so some
smoothing exists.
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2.2. SABER Data Quality and Analysis

[12] As noted earlier, we had previously presented
corresponding results based on SABER temperature data in
the work of Huang et al. [2006a, 2006b], where the
focus was on higher altitudes. Also noted was the work of
Mutkhtarov et al. [2009], using the same data. They state that
“the comparison between the diurnal temperatures found in
this study with those by Huang et al. [2006b] for 2002,
2003, and 2004 indicates quite a good degree of similarity.
For instance, for the equatorial March maximum at 75 km
height for 2002, 2003, and 2004, we derived amplitudes of
~13°K, 9°K, and 12°K, versus those by Huang et al. [2006a,
2006b] of 12°K, 8°K, and 13°K, respectively. The similarity
for the same maximum at 95 km height is even better; we
obtained 20°K, 17°K, and 21°K versus 20°K, 17°K, and
20°K from the work of Huang et al. [2006a, 2006b].” This
excellent agreement attests to the quality of our analysis.

[13] As for the quality of the data themselves, Remsberg
et al. [2003] have reviewed the data quality of an earlier
version of SABER temperatures. The following, taken from
our results of ozone and temperature quasi-biennial oscil-
lation correlations [Huang et al., 2008a], also based on
SABER measurements, should lend independent and addi-
tional support to the quality of the SABER data. As noted in
the work of Huang et al. [2008a], systematic uncertainties in
the ozone data can be relatively large, especially at higher
altitudes. But for diurnal variations and quasi-biennial
oscillations (QBO), which are deviations from a mean state,
the uncertainties are much more reasonable. As discussed
earlier, diurnal and mean variations such as the QBO are
embedded together in the data and need to be unraveled
from each other to obtain more accurate estimates of each.
From the mathematical view, the diurnal and QBO varia-
tions in the data are on equal footing, and obtaining robust
estimates for one reflects on that for the other. Our algorithm
estimates these variations together. As it turns out, there is
more independent corroborative evidence for the ozone and
temperature QBO than for the diurnal variations, and we
therefore consider the QBO for this purpose. In addition,
there are expectations for the correlation between the ozone
QBO and temperature QBO, which should provide further
corroboration. Figure 3 shows our derived QBO results based
on SABER zonal mean ozone mixing ratios (Figures 3a
and 3c, ppmv) and temperatures (Figures 3b and 3d, °K),
at the equator on altitude versus day coordinates, based on
data from year days 2002001 to 2004060, assuming a period
of 26 months, with the abscissa plotted over two cycles. The
top row of Figure 3 shows the ozone QBO (Figure 3a) and
the temperature QBO (Figure 3b) between 20 and 50 km.
Solid contour lines denote zero and positive values, while
dashed lines denote negative values. Near 28 km, the QBO
ozone mixing ratios undergo relatively sharp changes in
phase with altitude. Below about 28 km, the ozone and
temperature are just about in phase with each other as a
function of day of year. Above this altitude, the ozone and
temperature are mostly out of phase. The rapid change of
phase in ozone near 28 km is consistent with past observa-
tions of the QBO given by Zawodny and McCormick [1991],
Hasebe [1994], and Tian et al. [2006] using SAGE II data
and with results from the work of Hollandsworth et al.
[1995] using SBUV data, which show a phase shift near

HUANG ET AL.: TEMPERATURE STRATOSPHERE MIGRATING TIDES

D16121

31 km. The stratospheric QBO has been simulated by various
one-dimensional, two-dimensional, and three-dimensional
models, including those of Ling and London [1986], Gray
and Pyle [1989], Hasebe [1994], Butchart et al. [2003],
and Tian et al. [2006], with attendant differences in
assumptions and complexities among the models. The bot-
tom row of Figure 3 corresponds to the top row, but for
altitudes between 40 and 100 km. We have allowed the
scales to saturate (near 40 km and above ~85 km) in order to
show the smaller values between 45 and 85 km more
clearly. It can be seen that the ozone and temperatures
remain mostly out of phase with increasing altitude up to
about 75 km. Between 75 and 80 km, the temperature
phases change rapidly with altitude, so that above about
80 km the ozone and temperature QBOs are again more in
phase with respect to day of year.

[14] The probability that the results display the generally
expected phase relationships between ozone and tempera-
ture throughout the altitude range, from the stratosphere into
the mesosphere and higher, is fortuitous and is extremely
small. This attests to the validity of the results, both for the
data and the analysis. Diurnal and mean variations such as the
QBO are deviations from a mean state, and the consistency
between the ozone and temperature variations throughout the
different altitudes indicates that our results are robust.

[15] In addition, separate corroboration for our estimates
of the temperature QBO is discussed in the work of Huang
et al. [2006b], including comparisons with results from the
U. K. Meteorological Office (UKMO) stratospheric assim-
ilation [Randel et al., 1999] and with corresponding results
based on the microwave limb sounder (MLS) on the Upper
Atmosphere Research Satellite (UARS).

3. Previous Studies

3.1.

[16] Previous empirical analysis of diurnal variations
mostly emphasized studies at higher altitudes in the upper
mesosphere and thermosphere, where tidal variations are
relatively large and can dominate. We have already noted
the results of tidal temperatures, also based on SABER data,
by Xu et al. [2007, 2009], Zhang et al. [2006], Mukhtarov
et al. [2009], and by us [Huang et al., 2006a, 2006b]. Wu
and Jiang [2005], Wu et al. [1998], and Keckhut et al. [1996]
provided results of diurnal variations based on MLS UARS
data. We have also provided some results based on MLS
UARS temperature measurements [Huang et al., 2006a,
2006b]. At lower altitudes, Oberheide et al. [2000] presented
results based on satellite-borne measurements from the Cryo-
genic Infrared Spectrometers and Telescopes for the Atmo-
sphere (CRISTA), and Zeng et al. [2008] provide results of
tidal temperatures between 10 and 30 km and within 30° of the
equator from the Challenging Minisatellite Payload (CHAMP)
occultation observations. We will compare with both of these
studies and will also have occasion to compare with ground-
based lidar measurements.

Empirical

3.2. Theoretical

[17] Theoretical studies using global models over several
decades have provided essential insights to our under-
standing of atmospheric tides. Chapman and Lindzen [1970]
presented a comprehensive exposition on the classical tidal
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Figure 3. (top row) QBO results based on SABER (a) ozone (ppmv) and (b) temperatures (K) at the
equator on altitude (20—50 km)-day coordinates, based on zonal mean data from year-day 2002001 to
2004060. The plots are over two cycles. Contour intervals are 0.2 ppmv for ozone and 1°K for temper-
ature. Solid contours denote zero and positive values; dashed lines denote negative values. Below
~28 km, the ozone and temperature are mostly in phase with respect to day of year. Near 28 km, the ozone
phase changes rapidly, so that above ~28 km, the ozone and temperature are mostly out of phase with
respect to day of year. (lower row) Corresponds to the top row, but for altitudes between 40 and
100 km. (c) Ozone and (d) temperatures remain mostly out of phase with increasing altitude up to about
80 km. Between 75 and 80 km, the temperature changes phases rapidly with altitude, so that above about
80 km, the ozone and temperature QBO are again no longer in phase with respect to day of year.

equations and their solutions. Since then, more complex
models requiring numerical solutions [e.g., Forbes, 1982,
1984] have further advanced our understanding to a large
degree. Currently, there is a large body of research in the
literature ranging from models that focus on tidal variations
to general circulation models (GCM). Although great strides
have been made, models of varying complexities still cannot

explain all observed phenomena quantitatively. Because of
the large number and variety of studies, we will only
mention a few that are either associated with empirical
studies or with tides, in particular. Examples include the
global-scale wave model (GSWM) [Hagan et al., 1999;
Hagan and Forbes, 2003], the models of Mayr et al. [1998,
2005], and others, who have focused on the importance
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Figure 4. (a) Derived diurnal temperature migrating tide amplitudes on altitude (100-0.001 hPa) versus
latitude (48°S—48°N) coordinates for day 85 based on SABER data from 2004 to 2007. (b) As in
Figure 4a, but for diurnal phases (hour of maximum value).

of gravity waves, such as applying the Doppler spread
parameterization of Hines [1997a, 1997b]. McLandress
[1997] focused on tidal behavior using the Canadian mid-
dle atmosphere general circulation model (CMAM), and
Swinbank et al. [1999] studied stratospheric tides using data
assimilation in conjunction with a general circulation model
(Goddard Earth Observing System, GEOS-2). These models
include various forcing and dissipation mechanisms and
wave-wave and wave-mean flow interactions.

4. Results and Comparisons

4.1. Diurnal Variations (Migrating Tides) With
Altitude and Latitude

[18] Figure 4 shows temperature diurnal amplitudes and
phases on altitude (100-0.001 hPa) versus latitude (48°S—
48°N) coordinates. Figure 4a shows derived temperature
diurnal migrating tide amplitudes, and Figure 4b shows the
corresponding phases (hour of maximum value), for day 85,
based on SABER data from 2004 to 2007. We show results
at higher altitudes extending into the lower thermosphere in
order to more easily make comparisons with results obtained
previously by us and by others. These include results by
Zhang et al. [2006], Mukhtarov et al. [2009], and Xu et al.
[2009], which are also based on SABER measurements and
presented in the form of Figure 4. However, detailed com-
parisons are cumbersome due to the nature of contour plots
and details of contour levels. Also, the results of Zhang et al.
[2006] are based on data from 2004 alone, while those of
Mukhtarov et al. [2009] and Xu et al. [2009] are based on
data from 2002 through 2007. Earlier, we had already noted
that Mukhtarov et al. [2009] mentioned the excellent agree-
ment between their and our results in the work of Huang et al.
[2006b]. Our Figure 4a also compares well with Figure 3a
of Xu et al. [2009], especially considering that their results
represent the average diurnal amplitudes over 6 years, while
our results in Figure 4a represent day 85 based on data from

4 years merged into one 365 day period, and the analysis
techniques are not the same. In each case, the diurnal
amplitudes maximize at the equator near 95 km with a value
of ~16°K. Xu et al. [2009], Mukhtarov et al. [2009], and
Zhang et al. [2006] also show another but smaller maximum
near 85 km, which is not apparent in our Figure 4a. How-
ever, we do show the secondary maximum for results based
on single-year data. Near +30° latitude, Xu et al. [2009] and
we both show local minima of ~1°K or less at ~0.1 hPa
(~64 km) and local maxima of ~3°K—4°K near 1.0 hPa
(~48 km).

[19] However, in these studies, the emphasis is not in the
altitude range of our focus (stratosphere). Zhang et al.
[2006] do not provide plots below 40 km, and neither
Mukhtarov et al. [2009] nor Xu et al. [2009] provide
detailed contours below ~45 km. For these lower altitudes,
although the amplitudes are relatively small (<1°K to <3°K)
as shown below in Figures 5-8, there are significant and
systematic variations of interest. Xu et al. [2009] do provide
profiles which are valuable for our discussion concerning
lower altitudes in Figure 9.

[20] Of note are the diurnal phases shown in Figure 4b,
where the phase progression from high altitudes changes
rate near 0.1 hPa (~64 km) and on to lower altitudes. This
was also noticed by Mukhtarov et al. [2009] in their results,
and they mentioned that this change in vertical phases may
be due to the superposition of trapped and propagating tidal
modes and also noted that, in this region, the effect of solar
radiation absorption by ozone should be dominant, giving
rise to a diurnal temperature response that is affected by the
trapped diurnal modes. We note also that, in the region where
ozone reaches higher values, the feedback mechanisms
between temperature and ozone, due in part to the depen-
dence of chemical reactions rates on temperature [Barnett
et al., 1975], might also contribute to the nature of their
diurnal variations. For time scales longer than 1 day, corre-
lations between temperature and ozone are well documented.
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Figure 5. (a) Derived temperature diurnal migrating tide amplitudes. (b) Semidiurnal amplitudes, for
day 30 based on SABER data from 2004 to 2007, on altitude (100-0.1 hPa) versus latitude (48°S—48°N)
coordinates. It can be seen that, in the stratosphere, the diurnal amplitudes have values up to ~1°K for

altitudes below about 0.68 hPa and can approach ~3°K near 1 hPa (~48 km).

More pertinent to this study are time scales less than 1 day,
for which there have been few analyses. For these smaller
periods, the response times of ozone and temperature to each
other, in order to maintain equilibrium, has been studied by
Froidevaux et al. [1989]. They use a daytime chemical model
at midlatitudes, with input temperature perturbations of
various periods, and compare the ozone response in the form
of the magnitude of the correlation coefficient. They find that
over a diurnal cycle, ozone and temperature variations in the
upper stratosphere and lower mesosphere are expected to be
correlated to varying degrees, depending on altitude, and on
the trade-off between dynamics and chemistry.

[21] Figure 5 corresponds to Figure 4, but for day 30,
from 100 to 0.1 hPa. The diurnal amplitudes in Figure 5a
can be compared with Figure 3 in the work of Swinbank
et al. [1999]. As noted earlier, they analyzed the data
assimilation system GEOS-2 (NASA GSFC), which uses a
GCM in combination with measurements. Figure 3 of
Swinbank et al. [1999] shows an example of results from a
free-running (without data assimilation) model output for
January 1994. Qualitatively, the comparison with our
Figure 5a, for 30 January, is generally good. We have used
combined data from 2004 through 2007 to mitigate inter-
annual differences. At the equator and ~0.46 hPa, the model
results of Swinbank et al. [1999] appear to show values near
3.0°K, while our results show amplitudes that are only a bit
larger. Near 2 hPa and midlatitudes, their largest values are
~3°K. The main difference is that, near 1 hPa in the
Southern Hemisphere, their values are closer to 2.5°K.
Swinbank et al. [1999] state that the assimilation of data
(TIROS operational vertical sounder (TOVS) on NOAA
polar orbiters) into the model dampens the tidal amplitudes.
Among their conclusion is that the tidal variations in the
TOVS data are too weak. They also state that the results
from MLS UARS (derived by them) are more satisfactory,
although the diurnal variation is still weaker than that in the

model, especially in the Northern Hemisphere. We have
also derived corresponding results from MLS UARS [Huang
et al., 2006a, 2006b], using the same algorithm as described
here, and our MLS results are closer to those based on
SABER data and to the model results.

[22] In the stratosphere, because our results based on
SABER data contain diurnal variations over 24 h in local time,
they provide advantages for data assimilation concerning
tides. Temperature measurements from TOVS and NOAA
orbiters, the most important data used by Swinbank et al.
[1999], are made only at two local times. Our results can
also be used as stand-alone sets to compare independently
with models.

4.2. Diurnal Variations With Day and Latitude

[23] Figure 6 shows our derived temperature diurnal
amplitudes plotted on latitude versus day coordinates, with
each plot representing a different altitude. Here we use units
of kilometers for altitude in order to directly compare with
results of others. Figure 6a shows our diurnal amplitudes at
25 km (~25 hPa) based on SABER data from 2004 through
2007 merged into one 365 day period. Figure 6b corre-
sponds to Figure 6a but at 30 km (~12 hPa), as do Figure 6¢
but at 42.5 km (~2 hPa), and Figure 6d but at 85 km
(~0.0035 hPa), and based on data from 2004 alone. The data
from different years are used to better correspond with other
results, with which we compare. We first note that at 85 km
(Figure 6d) the amplitudes are mostly symmetric with
respect to the equator, are largest near the equator with
smaller maxima at midlatitudes, and resemble the familiar
first propagating symmetric mode of the migrating tide. This
symmetry with respect to the equator at 85 km is no longer
apparent at the lower altitudes in Figures 4b and 4c,
representing 30.0 and 42.5 km, respectively. With increas-
ing altitude, at ~48 km (~1 hPa, not shown), the symmetry is
again apparent, where the amplitudes at low latitudes are
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Figure 6. Derived diurnal migrating tide amplitudes on latitude versus day coordinates. (a) At 25 km,
based on data from 2004 to 2007; contour interval is 0.2°K. (b) As in Figure 6a, but for 30 km; contour
interval is 0.2°K. (c) As in Figure 6a, but at 42.5 km; contour interval is 0.4°K. (d) As in Figure 6a, but at
85 km, based on data from 2004; contour interval is 1°K.

significantly smaller than those at midlatitudes (less than
1°K versus 3°K—4°K). At the higher altitudes where there is
mostly symmetry relative to the equator, the diurnal ampli-
tudes show a semiannual variation that peaks near solstice,
beginning ~0.46 hPa (55 km). Figure 6d at 85 km can be
compared with corresponding results from the works of
Zhang et al. [2006] and Mukhtarov et al. [2009], both also
based on SABER data. At 85 km, although the relative
morphologies compare very well, our diurnal amplitudes
are mostly somewhat larger than those obtained by Zhang et
al. [2006]. As mentioned earlier in section 2, our diurnal

amplitudes at 75 and 95 km, noted by Mukhtarov et al.
[2009], are virtually the same as theirs.

[24] Figure 6b, for 30 km, can be compared with those of
Zeng et al. [2008], who have derived diurnal amplitudes and
phases based on limb viewing radio occultation, using radio
signals transmitted by the global positioning system (GPS)
satellites. Retrieved temperatures between 10 and 30 km
and within 30° latitude of the equator from the Challenging
Minisatellite Payload (CHAMP) occultation observations
during May 2001 to August 2005 were analyzed to derive the
diurnal amplitudes and phases. They state that the retrieved
temperature in the upper mesosphere lower stratosphere is
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Figure 7. Derived migrating tide diurnal amplitudes on altitude (20-30 km) versus latitude (32°S—32°N)
coordinates for days (a) 30 and (b) 195, based on SABER data from 2004 through 2007. Contour interval

is 0.2°K.

accurate to within 1°K-2°K. Comparison of our Figure 6b
with Figure 8a (not shown here) of Zeng et al. [2008] is
very good, where they provide a similar plot at 30 km,
within 30° of the equator versus day of year. We both show
a high between 0° and 10°N latitude between about October
and March, with maximums occurring early in the year. Our
maximum approaches ~1.2°K compared to ~1.0°K obtained
by Zeng et al. [2008]. We both also see another high between
0° and ~15°S latitude near the summer months, with our
maximum approaching ~1°K amplitude, while that obtained
by Zeng et al. [2008] appears to be also ~1°K or a bit larger.
So at low latitudes, the diurnal amplitudes show more of an
annual cycle, but variations are out of phase between the
Northern and Southern hemispheres. As also shown in the
work of Zeng et al. [2008], corresponding results from the
Canadian Middle Atmosphere General Circulation Model
(CMAM) [e.g., McLandress, 1997] also show similar var-
iations, although there are delays in phase of a month or two
and the amplitudes are higher by about 50%. At other areas,
we both see smaller amplitudes mostly of 0.5°K or less.
Compared to Zeng et al. [2008], we appear to show more
structure as evidenced by the various local maxima (e.g., at
16°S and March). Differences are expected since our data
are from different years. Also day of year is an independent
variable in our Fourier estimate. It is not clear exactly how
Zeng et al. [2008] represent their variations.

[25] Aside from the symmetry of the morphology of the
diurnal tide with respect to the equator, there is also an
asymmetry in the magnitude of the tides with respect to the
equator. The asymmetry with respect to the equator shown
in Figure 6 was also obtained by Zhang et al. [2006] at
altitudes between 40 and 60 km. Because of this, they state
that a reexamination of stratospheric tidal heating in their
model, as well as a more comprehensive look at the mea-
sured (SABER) temperature response and its consistency

with other observational data is warranted. Although we
also see an asymmetry in amplitude, it is less pronounced.
However, the agreement of our results at 30 km with those
of Zeng et al. [2008] including the asymmetry, as well as the
consistency with the CMAM noted by Zeng et al. [2008],
supports the quality of the SABER measurements. Zeng et al.
[2008] do not give results above 30 km, and Zhang et al.
[2006] do not provide results below 40 km.

[26] Figure 7 shows our results of migrating tide diurnal
amplitudes on altitude (2030 km) versus latitude (32°S—32°N)
coordinates for days 30 (Figure 7a) and 195 (Figure 7b),
based on SABER data from 2004 through 2007. This is
shown again to compare directly with results of Zeng et al.
[2008, Figure 7] (December—January—February and June—
July—August plots). The data used by Zeng et al. [2008] are
discussed in relation to Figure 6. The local maximum near
30 km and ~8°N latitude in Figure 7a extends downward to
lower altitudes and compares well with the results of Zeng
et al. [2008], even for diurnal temperature amplitudes of
~0.5°K to ~1.0°K. The maximum obtained by Zeng et al.
[2008] appears to be somewhat closer to the equator but is
otherwise consistent with our results for 25 km in Figure 6a.
The local maximum near 30 km and ~8°S in Figure 7b also
compares well with the results of Zeng et al. [2008], even
for temperature amplitudes of ~0.5°K to ~1.0°K. The details
of the differences begin to diverge at lower altitudes below
25 km.

4.3. Interannual Variations

[27] Figure 8 shows diurnal amplitudes at the equator, on
altitude (100-0.1 hPa, ~16-64 km) versus day of year
coordinates, for years 2002 (Figure 8a), 2003, 2004, and 2005
(Figure 8d), respectively. It appears that above ~10 hPa, the
magnitudes are larger for years 2002 and 2004 compared
to 2003 and 2005. This is qualitatively consistent with
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Figure 8. Temperature migrating tide diurnal amplitudes at the equator, on altitude (100-0.1 hPa,
~16—64 km) versus day-of-year coordinates: (a) 2002, (b) 2003, (c) 2004, and (d) 2005. Evident are inter-
annual variations near 2.1 hPa, where the amplitudes are largest in 2004 compared to other years.

corresponding interannual variations at higher altitudes.
Huang et al. [2006b] show that, at 75 km, the equatorial
maxima of the diurnal amplitude are ~12°K for spring 2002,
~8°K for autumn 2002, spring 2003, and autumn 2003,
respectively, and recover to ~12°K for 2004. We noted, as
has Mukhtarov et al. [2009], Xu et al. [2009], and Mayr and
Mengel [2005], the possibility of effects related to the QBO.
Although further analysis is outside the scope of this paper,
we note that SABER has been making near continuous
measurements since the beginning of 2002 and provides
valuable information for a further and detailed analysis.
[28] Also consistent with results at higher altitudes are the
semiannual nature of the variations. In addition, they qual-
itatively agree with corresponding results derived by us,
using the same algorithm on data from the microwave limb
sounder (MLS) on the upper atmosphere research satellite

(UARS; not shown). Examples are the evident semiannual
behavior near 2.1 hPa and similar but smaller variations near
100 hPa.

4.4. Additional Comparisons

[20] At the equator, our diurnal amplitudes can also be
compared with those by Oberheide et al. [2000], who pre-
sented results based on measurements from the Cryogenic
Infrared Spectrometers and Telescopes for the Atmosphere
(CRISTA), taken from 5—11 November 1994, together with
corresponding results from the global-scale wave model
(GSWM) [Hagan et al., 1999]. The shortness of the mission
(the instrument was flown on the space shuttle mission STS
66) prevented measurements over an adequate range of local
times to estimate diurnal variations globally. However, near
the equator, Oberheide et al. [2000] state that they were able
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Figure 9. (a) Temperature diurnal amplitudes (°K) versus altitude (2090 km) at 4°N latitude. (b) Corre-
sponds to Figure 9a, but for phases (hour of maximum value). Asterisks denote our results based on
SABER data, and diamonds denote results of Oberheide et al. [2000] based on CRISTA measurements.

to estimate diurnal amplitudes and phases from measure-
ments at the ascending and descending modes, since the
local times were 12 h apart.

[30] In Figure 9, the diamonds denote the results of
Oberheide et al. [2000] that we manually transcribed from
their Figure 11, representing days 5 and 9 November 1994,
based on measurements between 0° and 10°N latitude, and
the asterisks represent our results for day 305 based on
SABER data from 2004 to 2007 merged together to mitigate
differences in interannual variations. Figures 9a and 9b
show diurnal amplitudes (°K) and phases (hour of maxi-
mum value), respectively, as a function of altitude (km). It
can be seen that, up to about 65 km, the amplitudes agree
very well, while the Oberheide et al. [2000] amplitudes
diverge from ours near 70 km and above. Although not
shown here, Oberheide et al. [2000] also shows results from
the GSWM model [Hagan et al., 1999] that was “tuned,”
using input ambient parameters consistent with CRISTA
flight conditions such as temperature, ozone, and pressure.
Although not shown here, results from the revised GSWM
are also plotted in Figure 11 of Oberheide et al. [2000], and
the amplitudes agrees very well with those of Oberheide et
al. [2000], except above 75 km, where the model results are
more consistent with our amplitudes, with both continuing
to increase above 75 km, while those of Oberheide et al.
[2000] begin to decrease. At 90 km, the GSWM diurnal
amplitude is ~11°K, while those of Oberheide et al. [2000]
is ~4°K, and our amplitude at 90 km is ~12°K. Our and the
GSWM amplitudes appear to be more consistent (from their
contour plots) with those of Zhang et al. [2006], also based
on SABER data. Diurnal phases from Oberheide et al.
[2000] are in excellent agreement with those of GSWM
throughout. As can be seen from Figure 9b, our phases also
agree with those of Oberheide et al. [2000] from 65 to
90 km. Near 65 km, our phases show a marked inflection
while those of Oberheide show a less extreme inflection (as
does the GSWM). Between 20 and 35 km, our phases again
agree very well. The differences are in the altitude interval
35-60 km, where our results show another inflection near
40-45 km, while those of Oberhdeide show a mild inflection

between ~30 and 38 km. However, the profiles in Figures 5a
and 6a of Xu et al. [2009], also based on SABER data, agree
well with our results in Figure 9 over the whole altitude
range, so the differences between our results and those of
Oberheide et al. [2000] are not due to our analysis. We also
do not believe that the difference in the phases between
~40 and 60 km is due the quality of the SABER data, as
discussed in relation to Figure 3, which show that the
expected temperature and ozone QBO are as expected over
the entire altitude range. In addition, Haefele et al. [2008]
show diurnal temperature variations from a variety of
sources, both measurements and models, at 45 km (their
Figure 4), and generally the hour of maximum appears to be
near 19 h local time, more consistent with our results. We
had mentioned earlier that Mukhtarov et al. [2009] sug-
gested that the reason the different phase structure at these
levels could be due to the superposition of propagating and
trapped tidal modes below 70 km. We also noted that in the
lower mesosphere and stratosphere where ozone reaches
higher values, the feedback mechanisms between tempera-
ture and ozone, due in part to the dependence of chemical
reaction rates on temperature (see discussion for Figure 4,
section 4.1), can also contribute to their diurnal variations.
[31] We also compare with ground-based lidar measure-
ments. Figure 10 plots our diurnal amplitudes and phases
(asterisks) together with the lidar results of Gille et al. [1991]
(plus) and model results of Forbes and Gillette [1982]
(squares). Both the lidar and model results were manually
transcribed by us from the work of Gille et al. [1991]. The
diurnal amplitudes and phases of Gille et al. [1991] were
derived from lidar measurements made in France, at 44°N,
6°E latitude, from 30 to 80 km in altitude, made in two
11 day series of data, from November 1988 and January 1989.
The top row of Figure 10 plots our diurnal amplitudes
(Figure 10a) and phases (Figure 10b) for day 320 to cor-
respond to November based on SABER data from 2004
through 2007. The bottom row of Figure 10 corresponds to
the top row, but for day 30, to represent January. Although
Gille et al. [1991] provide results up to 80 km, they caution
that diurnal amplitudes and phases above 60 km have very
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Figure 10. Diurnal amplitudes (°K) and phases (hour of maximum value) at 44°N latitude, based on
SABER data (asterisks), Gille et al. [1991] amplitudes based on lidar data (plus), and model of Forbes
and Gillette [1982] (diamonds), as a function of altitude. (a) Amplitudes corresponding to day 320
based on SABER data (from 2004 through 2007). Pluses denote lidar data taken in January, 1989, and
squares denote model results from the model of Forbes and Gillette [1982]. (b) Corresponds to Figure 10a,
but for phases. (c and d) Corresponds to Figures 10a and 10b, but for day 30. Lidar data taken in

November 1989.

large uncertainties, as measurements cannot be taken over
much of the daylight hours. As can be seen in Figure 10, our
amplitudes agree reasonably up to ~60 km. A curious
property is that our phases agree more with those of the
model [Forbes and Gillette, 1982] compared to those of
Gille et al. [1991]. Although not shown, we have also
compared with results derived from lidar measurements by
Leblanc et al. [1999a, 1999b] and Yuan et al. [2006]. There,
they compared with the more recent GSWM model [Hagan
et al., 1999], and again our phases were much more con-
sistent with those of the GSWM than those derived from
lidar data by Leblanc et al. [1999a, 1999b]. Some of the
differences can be explained in that we analyze zonal
averages, resulting in migrating tides, while lidar measure-
ments are all made at specific longitudes and can also reflect
variations due to other types of waves. Also, the lidar

measurements only represent nighttime data over a period
10 h, and Leblanc et al. [1999a, 1999b] estimated diurnal
and semidiurnal amplitudes from these data alone.

[32] Wu and Jiang [2005] present results based on a late
version (to extend to higher altitudes) of MLS UARS
measurements within 20° of the equator from 46.42 hPa
(~22 km) to 0.01 hPa (~80 km) from October 1991 to April
1993. Like SABER, MLS on UARS also samples over the
range of local times and provides continuous measurements
within 32° of the equator (it is not clear why the results stop
at 20° latitude). Wu and Jiang [2005] find that, near the
stratopause, the tidal amplitudes reach a maximum near
March with a somewhat smaller maximum near September,
which is qualitatively consistent with our results. They also
state that their QBO and SAO variations exhibit “good
coherency” at higher altitudes. However, it is difficult to
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compare details more quantitatively with their contour plots.
Our diurnal amplitudes appear to be of the same order of
magnitude as those of Wu et al. [1998] at lower altitudes,
but their diurnal amplitudes appear to be significantly
smaller than ours at higher altitudes. For example, at the
equator and 0.01 hPa, our diurnal amplitudes are about
twice as large (~8°K versus ~4°K). We note that we and Wu
et al. [1998] use different algorithms.

5. Summary and Discussion

[33] We have derived results of temperature migrating
tides, based on SABER measurements, with focus in the
stratosphere and lower mesosphere, within 48° of the
equator, over several years, beginning in 2002. The diurnal
amplitudes in this altitude range from less than 1°K to
several °K. This complements our earlier works, which
concentrated on higher altitudes in the mesosphere and
lower thermosphere and where the diurnal amplitudes can
reach 20°K or more. To help assess the quality of the results,
we have compared our results with those by others, some
also based on SABER data, some based on other satellite-
borne instruments, and some from ground-based measure-
ments. Generally, the comparisons support the quality of
both the SABER data and the analysis. The comparisons are
extended to higher altitudes in the interest of presenting a
more complete picture. For example, at 85 km (cf. Figure 6d),
the results reflect the familiar first symmetric propagating
mode, in good agreement with corresponding results by
Mukhtarov et al. [2009] and Zhang et al. [2006], also based
on SABER data, but using different analyses algorithms.
The agreement also continues to lower altitudes, although
Mukhtarov et al. [2009] and Zhang et al. [2006] concentrate
more on the higher altitudes. This attests to the quality of
our analysis technique, although not to the quality of data
itself.

[34] As for the quality of the SABER data, our results at
25 and 30 km (cf. Figures 6a, 6b and 7a, 7b) compare very
well with those of Zeng et al. [2008] based on satellite
measurements from CHAMP. The corresponding morphol-
ogies (in latitude-day and latitude-altitude coordinates) are
consistent even for diurnal amplitudes of ~1°K or less.

[35] As the altitude increases from 25 km, the symmetry
of the diurnal amplitudes with respect to the equator also
seen at 85 km is not apparent at 30.0 and 42.5 km,
respectively. Rather, the structure is more antisymmetric
with respect to the equator. Near 50 km, the symmetry is
again apparent, but the amplitudes at low latitudes are
smaller than those at midlatitudes. Comparisons with results
based on data from CHAMP [Zeng et al., 2008] at 30 km
also support this asymmetry as well. Zeng et al. [2008] do
not provide results above 30 km.

[36] In the upper stratosphere and lower mesosphere, we
find that the rate of the diurnal phase progression as a
function of altitude becomes significantly smaller than that
at higher altitudes (above ~64 km or 0.1 hPa), which are also
found by Mukhtarov et al. [2009] and Zhang et al. [2006].
They note that in this region, the effect of solar radiation
absorption by ozone should be dominant, giving rise to a
diurnal temperature response that is affected by the trapped
diurnal modes. It should also be noted that, in this region,
where ozone values are relatively large, the feedback
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mechanisms between temperature and ozone, due in part to
the effect of temperature on chemical reaction rates, might
also contribute to the nature of their diurnal variations. This
change in the vertical phase gradient of the diurnal com-
ponent is not consistent with results based on CRISTA (see
discussion of Figure 9) measurements near the equator. In
our altitudes of interest, the diurnal amplitudes compare
very well, but our phases between ~40 and 60 km (~2.8—
0.2 hPa) are significantly different from those based on
CRISTA data. However, Haefele et al. [2008] show diurnal
temperature variations from a variety of sources, both mea-
surements and models, at 45 km (their Figure 4), and gen-
erally the maximum values appear to be near 19 h, more
consistent with our results. We have shown that our results
at lower and higher altitudes than this are supported by
independent results related to both the analysis and the
quality of the data, so it is unlikely that our results are
spurious only in this altitude interval. In addition, we have
given evidence (see discussion to Figure 3, section 2.2) that
the SABER temperature and ozone data are robust over the
whole altitude range, based on our earlier analysis of cor-
relations between temperature and ozone quasi-biennial
oscillations [Huang et al., 2008a].

[37] We have also presented diurnal amplitudes for dif-
ferent years at the equator. Above 10 hPa, they are quali-
tatively consistent with corresponding interannual variations
at higher altitudes, where the magnitudes are larger for years
2002 and 2004 compared to those for 2003 and 2005. These
interannual variations are possibly related to effects of
the QBO and a detailed analysis of the SABER data, now
spanning the years from 2002, may provide definitive
information.

[38] Our results can be of value when used in conjunction
with other measurements that have longer records spanning
decades but which do not provide adequate information to
estimate diurnal variations. It can also be important to
account for diurnal variations in estimating secular trends
from measurements [Beig et al., 2003]. As an example,
temperature soundings have been made over decades by the
series of NOAA polar orbiters, and the long-term records
are especially valuable. However, the data are nominally
measured at fixed local times, and the orbits of some
satellites have drifted so that the local times at which the
measurements are made are also slowly changing, making
calibration, continuity, and interpretation among the differ-
ent data sets problematical. Understanding and having
estimates of the temperature diurnal variations over 24 h in
local time would potentially help to resolve these issues.

Appendix A: Data Analysis Algorithm

[39] For a given latitude and altitude, the algorithm per-
forms a two-dimensional Fourier least squares analysis in
the form

U(ty,d,z,0,\) = Z Z bu(z, 0, \)e2™ @2mAIN (A1)
n k

where U(t,, d, z, 0, \) represents the input data: z is altitude,
d is day of year, 6 is latitude, X is longitude (radians), t; =
local solar time (fraction of a day) = ¢# + V2, t = time of day
(fraction of day), and N is the number of days in the fun-
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damental period. For example, if we analyze data over
1 year, then N = 365.

[40] In this study, we apply the algorithm to data averaged
over longitude, although it has been applied to data with
longitude variations as well [Huang and Reber, 2004]. For
cases where we wish to analyze variations with longitude as
well, we use data at discrete longitudes {\;} to find the set
b (z, 0, N;) from (Al). To analyze the behavior with lon-
gitude, we estimate a,,,; (z, ) from

bnk (Z» 6» /\l) = Z Qnk (Za e)eiZﬂ—m/\l/ZWv

m

(A2)

again using a least squares fit. Finally, for any day of year
dy, we can sum (A1) over k to obtain

U(t,do,2,0,0) = D> Bun(z, 0)e>™27e?™ (A3)

where we use (3,,,,, to denote the transform to universal time ¢
(fraction of a day).

[41] If we average the data over longitude, then we obtain
the migrating diurnal variations and mean flows [Huang and
Reber, 2004] from (Al), where the coefficients are no
longer dependent on A. Once we have estimated the coef-
ficients in (A1) or (A3), we can directly generate the diurnal
variations for composition, winds, and temperature as a
function of day of year, longitude, and time. TIMED sam-
pling patterns are such that data at latitudes poleward of
about 50° are made only for alternate yaw periods. There-
fore, our current analyses are made only within 48° of the
equator.

[42] Our fits to the data are based on data over a period of
1 year or more. Currently in (A1), the maximum value of n
is 5 for ozone, and the maximum of & depends on the fun-
damental period in day of year. Because it takes SABER
60 days to sample over the range of local times, when the
fundamental day-of-year period is 365 days, we estimate the
coefficients b, (z, 8, );) for k greater than or equal to 3 only
for n = 0, and the maximum of &k is 6. When the fundamental
period corresponds to the QBO, the number of terms for day
of year is scaled up accordingly. The current version of the
data does not provide for uncertainties, and we also assume
that the uncertainties of the data are proportional to the data
values themselves.
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