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[1] Temperature observations during January and February 2006 from the High
Resolution Dynamics Limb Sounder (HIRDLS), the Microwave Limb Sounder (MLS),
and the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
satellite instruments are compared to illustrate the vertical range over which version 6
HIRDLS temperatures are scientifically useful. In order to determine the quality of
HIRDLS temperatures in the middle atmosphere, we compare the height and temperature
of the HIRDLS stratopause with MLS and SABER before, during, and after the 2006 major
stratospheric sudden warming. Results show that HIRDLS observes the elevated
stratopause at 78 km two days later than MLS and five days after SABER. We compare the
geographical temperature structure of these data sets at 0.01 hPa during this period. Though
HIRDLS temperatures are consistently 5–10 K lower in the mesosphere, this is the first
study to show that the horizontal temperature distribution is in good spatial and temporal
agreement with MLS and SABER up to �80 km. Gravity wave momentum flux and
planetary wave 1 amplitudes are derived from HIRDLS and shown to be in agreement with
previous studies. We use HIRDLS to show a �30 K increase in stratopause temperature
following enhanced gravity wave momentum flux in the lower mesosphere.
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1. Introduction

[2] The major Sudden Stratospheric Warming (SSW)
event and subsequent reformation of the polar winter strato-
pause near 0.01 hPa (�80 km) in the Northern Hemisphere
(NH) in January 2006 has been well documented [e.g.,
Siskind et al., 2007;Manney et al., 2008a]. Both models and
satellite data have been compared and analyzed to better
understand the dynamics that lead to the decent of the stra-
topause and breakdown of the polar vortex prior to the SSW,
and subsequent reformation of the stratopause at high alti-
tudes. Understanding these events is important, as they have
been linked to anomalous stratospheric composition. Randall
et al. [2006] showed that enhanced descent of NOx into the
Arctic vortex occurred after the 2006 SSW, and Randall et al.
[2009] showed that such enhanced descent coincided with
an elevated stratopause in 2006 as well as in other years. It
was also shown using satellite observations from the

Microwave Limb Sounder (MLS), the Atmospheric Chem-
istry Experiment - Fourier Transform Spectrometer, and the
Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument that there was strong
descent of various species, including CO and N2O, fol-
lowing the reformation of the vortex in 2006 and 2009
[Manney et al., 2008b, 2009a, 2009b; Lahoz et al., 2011].
Kvissel et al. [2011] used WACCM to show this CO rich
intrusion from the mesosphere into the middle stratosphere is
well correlated with the reformation of the vortex in the lower
mesosphere. Descent associated with the reformed strato-
pause was further demonstrated by Orsolini et al. [2010],
who used water vapor to show that there was anomalously
strong descent of dry air from the mesosphere to the strato-
sphere following the major SSWs of 2004, 2006, and 2009.
[3] Planetary waves have been linked to the large vari-

ability in the circumpolar flow that occurs during SSWs
[Matsuno, 1971; Andrews et al., 1987]. Recent studies
using the Whole Atmosphere Community Climate Model
(WACCM) have looked at the respective roles of gravity
waves (GWs) and planetary waves during elevated strato-
pause events [Chandran et al., 2011; Limpasuvan et al.,
2011]. Chandran et al. [2011] and Limpasuvan et al.
[2011] used WACCM to show that strong planetary wave
activity is responsible for the zonal wind reversal and a
poleward and downward circulation. The wind reversal
results in the filtering of westward-propagating GWs,
eastward-propagating GWs propagate through the easterlies
associated with the SSW leading to enhanced ascent and

1Laboratory for Atmospheric and Space Physics, University of
Colorado Boulder, Boulder, Colorado, USA.

2Department of Atmospheric and Oceanic Sciences, University of
Colorado Boulder, Boulder, Colorado, USA.

3Northwest Research Associates, Boulder, Colorado, USA.
4National Center for Atmospheric Research, Boulder, Colorado, USA.

Corresponding author: J. A. France, Laboratory for Atmospheric and
Space Physics, University of Colorado Boulder, Boulder, CO 80303, USA.
(jeffrey.france@colorado.edu)

©2012. American Geophysical Union. All Rights Reserved.
0148-0227/12/2012JD017958

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D20108, doi:10.1029/2012JD017958, 2012

D20108 1 of 9



mesospheric cooling. They show that following the meso-
spheric cooling, GWs act to reestablish the warm, elevated
stratopause. This is consistent with Siskind et al. [2007,
2010], who showed that non-orographic GW drag is critical
for modeling the reformation and descent of the stratopause
following the 2006 SSW, and Ren et al. [2011], who used the
Canadian Middle Atmosphere Model’s data assimilation
system to show that the timing and amplitude of the refor-
mation of the stratopause in the mesosphere is sensitive to
non-orographic GW drag.
[4] Momentum flux from GWs that propagate from the

troposphere to the mesosphere can be derived from the High
Resolution Dynamics Limb Sounder (HIRDLS) temperature
profiles [Alexander et al., 2008; Wright et al., 2010; Yan
et al. 2010; Ern et al., 2011]. Ern et al. [2011] showed
monthly mean January 2006 GW momentum flux (MF) in
HIRDLS and SABER, while Wright et al. [2010] showed
the daily evolution of GW MF at 10 hPa and 60�N from
December through April in 2004/2005, 2005/2006, and
2006/2007. These two studies show that, in 2006, GW MF
was large during the stratospheric warming and decreased
during February. They also showed zonal mean HIRDLS
temperatures up to 0.1 hPa on 20 February 2006, which
suggests an elevated stratopause. We build upon this work
by exploring two months of HIRDLS temperatures up to
80 km. Despite a 5–10 K cold bias above 65 km, HIRDLS
captures large-scale geographic temperature structures in the
mesosphere and has higher vertical resolution and better
spatial sampling than temperature profiles obtained by the
MLS and SABER satellite instruments. Previous validation
efforts focused on coincident profile comparisons and zonal
mean differences. Here we demonstrate for the first time that
the large-scale geographic and temporal evolution of meso-
spheric temperature structures is in agreement with MLS and
SABER; we also present an analysis of planetary waves and
GWs derived from HIRDLS.
[5] An outline of the paper is as follows. The satellite data

and analysis methods are described in section 2. Section 3
shows the evolution of the stratopause in HIRDLS, MLS,
and SABER in 2006. The geographic structure of temperature
anomalies at 0.01 hPa (�80 km) is also shown. Section 4
presents planetary wave and GW analysis during January,
February, andMarch 2006. Conclusions are given in Section 5.

2. Data and Analysis Methods

[6] The HIRDLS instrument is an infrared limb-scanning
radiometer onboard NASA’s Earth Observing System Aura
satellite that was launched on 15 July 2004 into a Sun-
synchronous polar orbit. On a typical day, there are over
5000 temperature profiles from 65�S to 82�N, which are
retrieved using the 15 mm band of CO2. HIRDLS Version 6
data are used in this work [Gille et al., 2008, 2011]. The
vertical resolution of HIRDLS temperatures is 1 km up to
60 km, degrades linearly to 3.5 km at 80 km, the precision is
≤0.5 K in the stratosphere and decreasing to 3 K in the
mesosphere; and the accuracy is ≤1 K from 400 hPa to 1 hPa;
profiles are spaced 100 km apart along the orbit track [Gille
et al., 2011]. According to the HIRDLS data quality docu-
ment [Gille et al., 2011], version 6 HIRDLS temperatures are
scientifically useful up to 0.01 hPa (�80 km). Note, lower
signal-to-noise ratios and biases in the radiances result in a

5–10 K cold bias in the mesosphere compared to lidars,
MLS, and SABER observations, and the European Centre
for Medium-Range Weather Forecasting assimilated anal-
yses [Gille et al., 2008, 2011]. The Goddard Earth
Observing System version 5 (GEOS-5) is used for a priori
constraints in the retrieval up to �55 km. Data that con-
tain more a priori information than HIRDLS data have a
negative precision value and are removed from this work.
Previous validation efforts have primarily focused on
coincident profile comparisons with sondes and lidars in
addition to zonal mean differences with assimilated anal-
yses, MLS, and SABER [Gille et al., 2008, 2011].
[7] The MLS instrument is also onboard the Aura satellite

[Waters et al., 2006]. MLS typically measures 3500 tem-
perature profiles between 82�S and 82�N on each day. The
profiles are spaced about 165 km apart along the orbit track.
Temperature is determined from emissions of oxygen at
118 GHz below 1.41 hPa and at 118 GHz and 190 GHz from
1 hPa to 0.001 hPa [Schwartz et al., 2008]. MLS Version 3.3
data are used in this work. The vertical resolution of MLS
temperatures is 4–6 km in the upper stratosphere and lower
mesosphere, decreasing to about 7 km around 1 hPa, and to
about 10–12 km above 0.01 hPa. The precision is �0.6 K in
the stratosphere, decreasing to �2.5 K in the mesosphere;
there is an up to 8 K cold bias in the mesosphere [Livesey
et al., 2011]. Version 3.3 MLS temperatures are deemed
scientifically useful up to �90 km and have been filtered
using the precision, status, quality, and convergence values
provided by the MLS science team [Livesey et al., 2011].
[8] SABER was launched onboard the Thermosphere

Ionosphere Mesosphere Energetics and Dynamics (TIMED)
satellite on 7 December 2001 into a 625 km circular orbit
with an inclination of 74.1� [Russell et al., 1999]. SABER
samples approximately every 300 km along the orbit track
and provides coverage from 52�S to 83�N, or from 83�S to
52�N, depending on the orientation of TIMED. The coverage
alternates every 60 days due to yaw maneuvers of TIMED
that rotate the SABER view direction by 180�. SABER
data products are reported on 201 geometric altitude levels
ranging from 0 to 200 km in 1 km increments. The vertical
resolution of SABER is 2–3 km [Mertens et al., 2001]. This
work uses version 1.07 kinetic temperature and derived
geopotential height as a function of pressure provided in the
L2A data files obtained from http://saber.gats-inc.com/.
Kinetic temperature is determined from the 15 mm and
4.3 mm bands of CO2 with the assumptions that CO2 is well
mixed and has a well-known volume mixing ratio. Remsberg
et al. [2008] compared the SABER version 1.07 temperatures
to data from the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) and Rayleigh lidar profiles
for the upper stratosphere and lower to middle mesosphere,
and found that SABER has a 1 K cold bias near the strato-
pause. They determined the projected error for SABER in the
upper stratosphere and lower mesosphere from systematic
and random errors to be �2 K.
[9] For this work, we define the stratopause simply as the

temperature maximum between 20 km and 90 km. To
explore the geographic temperature structure, daily profiles
for each data set are gridded onto a 5� latitude by 5� longitude
grid by applying a spatial Delaunay Triangulation at each
vertical level. To ensure differentiability, a distance weighted
smoothing is applied to the resulting grid. The data are
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then fit to a 0.2 km vertical grid from 15 to 90 km using a
6th-order polynomial similar to the method developed by
McDonald et al. [2011] and used by Day et al. [2011].

3. The Elevated Stratopause in 2006

[10] Figure 1 shows the mean temperature poleward of
75�N for HIRDLS, MLS, and SABER as a function of alti-
tude and time from 1 January 2006 to 15 March 2006. The
black dots denote the stratopause. Vertical gray lines indi-
cate 24 January, 29 January, 6 February, and 12 February;
the vertical and horizontal temperature distribution on these
days will be shown in Figures 3 and 4, respectively.
HIRDLS and MLS show that near 50 km, there are warm
events on 2, 11, and 22 January and associated cold events
near 80 km. Because of the spacecraft yaw, SABER alter-
nates between viewing the Arctic and Antarctic regions;
observations in the Arctic begin on 14 January. Between
23 and 25 January, all three data sets show the stratopause
descending below 40 km. From 24 January to 6 February,
the stratopause is not well defined as the atmosphere is
nearly isothermal between 25 km and 55 km; this increases
the sensitivity of the stratopause algorithm to small local
temperature maxima within the near-isothermal layer.

In early February, all three instruments observe a warm
layer above 70 km that gradually descends to �55 km by
15 March. In SABER and MLS the elevated stratopause is
first observed at 84 km on 28 January and at 81 km on
31 January, respectively. HIRDLS first observes the ele-
vated stratopause on 2 February, and the temperature at the
stratopause in SABER, MLS, and HIRDLS is 238 K, 225 K,
and 226 K, and the height is 84 km, 82 km, and 78 km,
respectively. The lack of a high stratopause in HIRDLS
before 2 February is primarily because the stratopause is at
an altitude above where HIRDLS data are useful. In late
February and early March, when the stratopause is located
below 70 km, differences in the height and temperature of
the stratopause among the instruments are less than 3 km and
6 K, respectively. Figure 1 is consistent with previous work
byManney et al. [2008a] and Orsolini et al. [2010]. Manney
et al. [2008a, Figure 3] showed zonal mean temperature
observations at 70�N from SABER and MLS during
December 2005 through March 2006, and found that the
stratopause reforms at �0.01 hPa near the beginning of
February. Orsolini et al. [2010, Figure 2] used data poleward
of 70�N from the Sub-Millimeter Radiometer onboard the
Odin satellite to show a reformed stratopause near 0.01 hPa
(�80 km) and 225 K in early February.

Figure 1. Time-altitude plot of daily average temperature poleward of 75�N from 1 January to 15 March
2006 from 20 km to 90 km for (top) HIRDLS, (middle) MLS, and (bottom) SABER. The black dots
denote the stratopause. The 200 and 216 K isotherms are shown by the thick white and black contours,
respectively. Vertical gray lines indicate 24 January, 29 January, 6 February, and 12 February. White
regions represent missing data.
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[11] Figure 2 shows a time series of the stratopause height
in each data set for the same date range shown in Figure 1.
At the onset of the SSW (24 January, indicated by first ver-
tical line), all three data sets show the �10 km descent of
the stratopause within one day of each other. The stratopause
is near 30–40 km for about one week during the SSW. The
stratopause observed by HIRDLS on 2 February is 5 km
below the stratopause observed by SABER and 2 km below
that observed by MLS. The MLS mesospheric cold bias
combined with its coarse vertical resolution likely con-
tributes to observing the elevated stratopause at a later date
and lower altitude than SABER. Likewise, the low bias in
HIRDLS temperatures in the mesosphere combined with the
80 km upper limit is responsible for the delay in HIRDLS
capturing the elevated stratopause. The fact that both MLS
and HIRDLS show the stratopause at lower altitude indicates
that the low temperature bias in these instruments with
respect to SABER is a more important factor than the reso-
lution. As the elevated stratopause first descends, HIRDLS is
in excellent agreement with MLS; the stratopause from each
of these instruments is �4–10 km lower than that measured
by SABER. In early to mid-February, both HIRDLS and
MLS observe the stratopause descending more rapidly than
that in the SABER observations. In late February and early
March, when the stratopause is located below 70 km, dif-
ferences in the height of the stratopause among the instru-
ments are less than 3 km.
[12] Figure 3 shows HIRDLS, MLS, and SABER zonal

mean temperatures in the NH on the four days indicated by
the vertical lines in Figures 1 and 2. On 24 January, the low
stratopause is evident in all three data sets at high northern
latitudes. Near 80–90 km and poleward of �60�N, there is a

pronounced warm layer in the SABER data; a warm layer is
present in the MLS data as well, but it is not as pronounced.
On 29 January, the elevated warm layer begins to appear in
the HIRDLS data; by this time, it is much more pronounced
in both the MLS and SABER data. On this day, the polar
stratopause is identified at high altitudes in SABER, but is
still at low altitudes in HIRDLS and MLS. The elevated
polar warm layer that is observed by MLS and HIRDLS
on this day was not demarked as the stratopause because it
is a local maximum, while the higher temperatures in the
lower stratosphere are considered to be the stratopause. By
6 February, the stratopause is located above 75 km in all
three data sets. While in good qualitative agreement, the
elevated stratopause is highest and warmest in SABER and
lowest and coldest in HIRDLS. On 12 February, the latitu-
dinal extent of the elevated stratopause is in excellent
agreement among the data sets; however, the polar strato-
pause observed by SABER is �5 K warmer and �2–3 km
higher than MLS, and 10 K warmer and 6–8 km higher
than HIRDLS. Differences between HIRDLS and SABER
are likely due to the low bias in HIRDLS mesospheric
temperatures.

3.1. Geographic Temperature Distributions

[13] Figure 4 shows the horizontal temperature anomaly
structure in the NH at 0.01 hPa (�80 km) for HIRDLS, MLS,
and SABER for the same dates shown in Figure 3. We sub-
tract the zonal mean temperature from each latitude band in
order to reduce instrument biases. This allows us to more
directly compare the geographical temperature distribution
as well as the magnitude of features observed by each
instrument. This figure shows for the first time that HIRDLS
captures large-scale geographic structure observed by MLS
and SABER at mesospheric altitudes. On 24 January, the
anomalous temperature structure is in good agreement among
the data sets. A cold anomaly is evident in all three data
sets between 40 and 60�N and centered over the Greenwich
Meridian. A warm anomaly centered over Canada is also
evident in all three data sets, though it has a larger magnitude
in MLS and HIRDLS than in SABER. The region of highest
temperature anomalies spirals to the southwest from Canada
over the North Pacific, Asia, Europe, and Northern Africa.
On 29 January the cold anomaly has shifted slightly poleward
in all three data sets, and the warm anomaly is visible near the
western coast of North America. On 6 February, the regions
covered by the warm and cold anomalies are generally
smaller and the cold anomalies are also weaker. All three do
show a weak cold anomaly in the Atlantic between 40 and
50�N, and a warm anomaly over Canada. On 12 February a
strong cold anomaly over Siberia and a warm anomaly in
northwestern Canada and Alaska are shown in all three data
sets. For the days shown (as well as days not shown), the
geographic pattern in HIRDLS temperature anomalies
agrees well with that observed by MLS and SABER. Taken
together, the results here provide compelling evidence that
HIRDLS temperatures can be used to investigate meteoro-
logical phenomena in the mesosphere.

4. Planetary and Gravity Wave Analysis

[14] Having shown that HIRDLS effectively represents
the major SSW of January 2006, we take advantage of the

Figure 2. Time series of stratopause height as shown in
Figure 1. The stratopause observed by HIRDLS, MLS, and
SABER is indicated by the black, red, and blue dots,
respectively.
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data’s high vertical and temporal resolution to derive plan-
etary and gravity wave diagnostics.

4.1. Planetary Wave Analysis

[15] Figure 5 shows a time-altitude section of the daily
amplitude of planetary wave 1 in geopotential height at
60�N from 1 January through 15 March 2006 based on
(a) HIRDLS, (b) MLS, and (c) SABER. These amplitudes
were determined by fitting a sine wave to the daily mean
geopotential height data from each instrument around the
57–63�N latitude band. The amplitude of the sine wave is
considered the wave 1 height amplitude. The daily average
stratopause poleward of 75�N is indicated by the white dots.
The vertical gray line depicts 8 January when there is a
maximum in planetary wave amplitudes in both instruments.
HIRDLS is in good agreement with MLS and SABER, and
all three instruments are in good agreement with Siskind
et al. [2010, Figure 1f], who used the Navy Operational
Global Atmospheric Prediction System Advanced-Level
Physics High-Altitude (NOGAPS-ALPHA) model. The
time-altitude evolution of planetary wave 1 amplitudes is
also consistent with results from Manney et al. [2008a,
Figure 3], who showed wave 1 amplitudes at 60�N using
MLS, SABER, GEOS-5 [Rienecker et al., 2007], and the
European Centre for Medium-Range Weather Forecasting
(ECMWF) [Simmons et al., 2005]. In early to mid-January,
planetary wave 1 amplitudes are large at the stratopause.
During the SSW in late January (when the stratopause

descends), planetary wave amplitudes decrease in the
stratosphere. In February following the SSW, large planetary
wave amplitudes are co-located with the descending elevated
stratopause, consistent with Manney et al. [2008a]. These
results confirm the WACCMmodel results in Limpasuvan et
al. [2011], who showed that the planetary wave 1 forcing
contributes to the reformation and initial descent of the
stratopause.

4.2. Gravity Wave Analysis

[16] GW MF is derived from HIRDLS version 6 temper-
ature profiles using the method described by Alexander et al.
[2008]. The method uses the S-transform [Stockwell et al.,
1996], which is a Fourier analysis that also gives localiza-
tion of spectral properties similar to a wavelet analysis, but
with an absolute phase reference. Gravity wave temperature
perturbations are first isolated by subtracting a background
temperature representing the large-scale planetary wave
temperature features. This background is defined with an
S-transform analysis in the zonal direction using HIRDLS
temperatures binned in 2.5-degree latitude bins. The zonal
wave number 1–5 features in the transform define the back-
ground. We calculate the gravity waves by subtracting the
background temperature from the individual HIRDLS tem-
perature profiles. We then perform an S-transform analysis
in the vertical on each profile and compute the covarying
spectrum between adjacent temperature perturbation pro-
files along the measurement track. The vertical wavelength

Figure 3. Daily zonal mean temperatures for (left) HIRDLS, (middle) MLS, and (right) SABER in 2006
on 24 January, 29 January, 6 February, and 12 February. The black dots represent the stratopause. Tem-
perature profiles are binned in 2.5� latitude bins. The thick black line is the 220 K isotherm.
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and amplitude at the peak in the covariance spectrum is
determined for each profile pair as a function of height. The
covarying S-Transform also gives a wave phase shift for
this peak across the horizontal distance between the profile
pairs, and this is used to estimate horizontal wavelength.
Combining these three parameters (vertical and horizontal
wavelength and temperature amplitude) allows an estimate of
MF as a function of height along the HIRDLS measurement
track [e.g., Alexander et al., 2008, equation (6)]. It should be
noted that true MF is a vector with direction given by the
horizontal wave number vector, whereas with HIRDLS we
can only estimate the along-track component of the hori-
zontal wave number. The limited spatial sampling also
sometimes subsamples the true horizontal wavelength. Thus,

the horizontal wavelength is generally biased long, and the
MF estimated from HIRDLS correspondingly biased low.
Despite these limitations, HIRDLS has the best combined
horizontal plus vertical resolution of any limb-sounding
satellite measurement to date. The results include gravity
waves with vertical wavelengths ranging from 4 to 25 km and
horizontal wavelengths longer than 200 km.
[17] Although MLS and SABER have longer-term data

records, HIRDLS has twice the resolution in both the
horizontal and vertical than the next best limb-viewing mea-
surements from SABER, making it superior for any short-term
GWs studies during the three-year period of HIRDLS data.
Thus the following GW analysis will be based solely on
HIRDLS. We limit our GW analysis to below 55 km, because

Figure 4. NH polar orthographic plots of daily mean gridded temperature minus the zonal mean at
0.01 hPa on 24 Jan (first row), 29 Jan (second row), 6 Feb (third row), and 12 Feb (fourth row).
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noise in HIRDLS temperatures increases above 60 km, and
HIRDLS ability to quantify gravity waves above that altitude
has not yet been validated. Figure 6a shows time-altitude
sections of HIRDLS daily averaged zonal mean GWMF. The
daily average stratopause between 70 and 82�N is indicated
by the white dots. The gray line depicts 8 January and is
co-located with a maximum in GWMF at all altitudes below
50 km. White contours in (a) are the zonal mean zonal wind
from GEOS-5 poleward of 70�N latitude. Figure 6a shows
that the observed wind and GW MF observed by HIRDLS
poleward of 70�N is in agreement with what Wright et al.
[2010, Figure 7] showed using HIRDLS MF and ECMWF
winds at 60�N. They found that when zonal mean winds
become easterly in late-January, there is a decrease in GW
MF, consistent with filtering of the GWs by the easterly
winds. This reduction persists until the zonal mean winds
become westerly in mid-February. We show that the winds
and GW MF between 70 and 82�N are consistent with what
is shown at 60�N by Wright et al. [2010]. Thus, following
the wind reversal in late January, GW MF was not only
reduced near the vortex edge, but throughout the polar
region as well.
[18] Figure 6b shows a latitude-time section of HIRDLS

MF divided by density, or kinematic momentum flux
(KMF), consistent with Figure 6a. White contours indicate

mean temperature between 70 and 82�N. Since GW MF is
proportional to atmospheric density, MF in the mesosphere
is relatively small compared with the lower stratosphere,
so dividing by density will emphasize the influence of GWs
in regions of lower atmospheric density. HIRDLS tempera-
ture is shown using white contours. There is an increase
in GW KMF beginning on 5 January that maximizes on
8 January, which extends from the lower stratosphere to the
lower mesosphere. The largest amplitudes of GW KMF on
this date occur in the lower mesosphere. The temperature
contours indicate an increase in temperature at the strato-
pause following the increase in GW KMF between 5 and
8 January. The relationship between GW MF and tempera-
ture has been described by Chandran et al. [2011, Figure 1].
Using WACCM, they showed that following easterly GW
forcing in the mesosphere, there is enhanced adiabatic descent
in the stratosphere and adiabatic ascent in the mesosphere,
resulting in a warming of the stratosphere and a cooling of the
mesosphere. Our results support this mechanism. HIRDLS
temperatures show a �30 K temperature increase at the
stratopause that occurs within 3 days of the maximum GW
KMF in the lower mesosphere. Following the SSW, GW
KMF in the mesosphere is westerly due to filtering by east-
erly winds in the stratosphere. Limpasuvan et al. [2011] used
the WACCM model to show that westerly GW MF plays a

Figure 5. Time series of daily averaged zonal mean wave 1 geopotential height amplitudes between
57�N and 63�N for (a) HIRDLS, (b) MLS, and (c) SABER. The daily average stratopause poleward of
75�N is indicated by the white dots.
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critical role in re-establishing the westerly polar night jet.
This leads to a poleward residual circulation and the refor-
mation of the stratopause in the mesosphere.

5. Conclusions

[19] This is the first work to show that, while there is a
significant cold bias in the mesosphere, the geographic
structure in mesospheric temperature observed by HIRDLS
near 80 km is in good agreement with MLS and SABER. We
use the major SSW in January 2006 and subsequent refor-
mation of the stratopause at high altitudes as a case study to
demonstrate the utility of HIRDLS temperature data at
mesospheric altitudes. During the period studied, HIRDLS
captures the evolution of the stratopause and is consistent
with MLS and SABER once the stratopause descends below
78 km, which is the first measurement of the stratopause
below the upper altitude limit of HIRDLS temperatures. The
elevated stratopause was first observed at different altitudes,
with different temperatures, and on different dates by the
three instruments. The relative timing of the stratopause
reformation and its temperature is largely explained by dif-
ferences in vertical range of the instruments, as well as the
low temperature bias in HIRDLS and MLS with respect
to SABER. Significantly, we show that HIRDLS accurately
represents the daily large-scale geographic temperature
anomaly pattern at 0.01 hPa (�80 km), and the evolution of
mesospheric temperature anomalies before, during, and after
the January 2006 SSW.
[20] Planetary wave 1 amplitudes in geopotential height

are shown at 60�N. The altitude-time structure in HIRDLS is
in good agreement with previous work using NOGAPS-
ALPHA, WACCM, GEOS-5, ECMWF, SABER, and MLS.
HIRDLS GW MF is also shown to be consistent with recent
studies using WACCM to understand the role of GWs during

SSWs. HIRDLS offers near-global data with higher vertical
resolution and higher spatial sampling thanMLS and SABER.
As a result, it can be used to supplement these data sets and
provide an additional source of temperature data for meso-
spheric analyses.
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