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Abstract

Novel measurements of the seasonal variability in mesospheric temperature at low-latitudes have been obtained from Maui,
Hawaii (20.8�N, 156.2�W) during a 25-month period from October 2001 to January 2004. Independent observations of the OH
(6,2) Meinel band (peak height �87 km) and the O2 (0–1) atmospheric band emission (�94 km) were made using the CEDAR Mes-
ospheric Temperature Mapper. The data revealed a coherent oscillation in emission intensity and rotational temperature with a well-
defined periodicity of 181 ± 7 days. The amplitude of this oscillation was determined to be �5–6 K in temperature and �8–9% in
intensity for both the OH and O2 data sets. In addition, a strong asymmetry in the shape of the oscillation was also observed with
the spring maximum significantly larger than the fall peak. These data provide new evidence in support of a semi-annual-oscillation
in mesospheric temperature (and airglow emission intensities) and help quantify its seasonal characteristics.
� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It is our growing understanding that planetary waves,
gravity waves and tides dominate the structure and
dynamics of the mesosphere and lower thermosphere
(MLT) region. Long-term observations are therefore
important for quantifying seasonal variability of this re-
gion as a function of latitude, and for investigating the
primary causes of the variability. Satellite measurements
provide excellent geographic coverage usually over a
several year period, but, due to orbital constraints, the
measurements are naturally limited to sampling at cer-
tain local times (e.g., Clancy and Rusch, 1989; Shepherd
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et al., 1998). On the other hand, rocket-borne sampling
of the MLT region can be made from any latitude (pro-
viding there is a suitable launch facility available), but
the data are of very limited duration. In contrast,
ground-based observations offer an economical and very
important method for routine remote sensing studies of
the upper atmosphere. Although these measurements
are subject to changes in the viewing conditions (due
to adverse weather), long-term observations from a well
chosen mountain site provide an excellent opportunity
for seasonal studies of the MLT region.

As early as the International Geophysical Year (IGY)
ground-based investigations have been carried out to
study the seasonal variability in the mesospheric night-
glow emissions. Initial investigations revealed strong lat-
itudinal and seasonal variations in the mesospheric OI
(557.7 nm), Na (589.3 nm), and the near infrared OH
Meinel nightglow emission intensities which originate
from well defined layers in the upper mesosphere (e.g.,
ved.
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Roach and Smith, 1967; Wiens and Weill, 1973; Fukuy-
ama, 1977). Longer-term observations have also revealed
semi-annual, annual and quasi-biennial oscillations in
these data sets, the characteristics of which alter signifi-
cantlywith latitude. Furthermore,modeling and observa-
tional studies of the seasonal variability of the OHMeinel
band emission intensity have shown that at low- andmid-
latitudes vertical diffusion (due primarily to small-scale
gravity wave breaking) can be large, leading to a semi-an-
nual-type oscillation while, at higher latitudes much
stronger vertical advection leads to an annual-type oscil-
lation (e.g., Le Texier et al., 1987). Variations of the verti-
cal diffusion and residual circulation in the MLT region,
both induced by gravity wave breaking, are also likely
causes of mesospheric OI (557.7 nm) seasonal variations
at mid-high latitudes (e.g., Garcia and Solomon, 1985;
Liu and Roble, 2004).

In addition to measuring the mesospheric emission
intensities it is also possible to use optical techniques to
determine the temperature of themesosphere at the height
of the emission layers. Long-term investigations of meso-
spheric temperature using a variety of optical instrumen-
tation ranging from simple photometry to interferometry
and nowadays CCD imaging and resonant lidar sounding
techniques continue to be conducted (e.g., Niciejewski
and Killeen, 1995; She et al., 2000; States and Gardner,
2000; Bittner et al., 2000; Espy and Stegman, 2002). The
majority of these measurements have been made from
mid- and high latitude sites and have revealed a strong an-
nual-oscillation in middle atmosphere temperatures with
some evidence for an additional, but small, semi-annual
component at mid-latitudes. In contrast, long-term,
ground-based measurements of mesospheric temperature
at low- and equatorial latitudes are exceedingly few (e.g.,
Takahashi et al., 1995; Friedman, 2003) and the seasonal
structure and variability of the MLT region has yet to be
fully quantified.

This paper utilizes ground-based observations of the
nightglow emissions from the US Air Force AEOS high
altitude facility located at the summit of Haleakala Cra-
ter, Maui, Hawaii (20.8�N, 156.2�W, 2970 m), which af-
fords excellent seeing conditions throughout the year.
The present work focuses on long-term observations of
the mesospheric OH M (6,2) and O2 (0,1) atmospheric
band temperature and their variability over a 25-month
(encompassing 2002–2003). The measurements were
made using the CEDAR Mesospheric Temperature
Mapper (MTM) and show a clear semi-annual-oscilla-
tion in the nocturnal temperatures in both data sets.
2. Instrumentation and observations

The Mesospheric Temperature Mapper (MTM) was
developed at Utah State University (USU) in 1997 with
support from the National Science Foundation (NSF)
Coupling, Energetics and Dynamics of Atmospheric Re-
gions (CEDAR) program. The MTM is a high perfor-
mance, solid state imaging system capable of
determining variations in the intensity and rotational
temperatures of two upper mesospheric near infrared
nightglow emissions: the OH M (6,2) band (peak alti-
tude �87 km), and the O2 (0,1) atmospheric band emis-
sion (peak altitude �94 km), both of which exhibit well
defined half-widths of �8–10 km (e.g., Donahue et al.,
1973; Baker and Stair, 1988). The MTM utilizes a large
format 1024 · 1024 pixel CCD array coupled to a 90�
circular field of view telecentric lens system. The detec-
tor is cooled to �50 �C using a two-stage Peltier system
assisted by a closed cycle liquid refrigeration unit pro-
viding very low noise operational characteristics (dark
current �0.1 e�/pixel/s). Sequential observations are
made using narrow band (Dk � 1.2 nm) interferences fil-
ters centered at 840 and 846.5 nm for the OH M (6,2)
band and 866 and 868 nm for the O2 (0,1) atmospheric
band measurements followed by a background sky mea-
surement at 857 nm. Each filter is exposed for 60 s dura-
tion resulting in a cadence of �5.5 min. To optimize the
temperature determinations the CCD data are binned
8 · 8 on the chip to form a 128 · 128 super-pixel image
with a resultant zenithal foot print of �0.9 · 0.9 km per
super-pixel. Rotational temperatures are then computed
separately using the ratio method as described elo-
quently by Meriwether (1984). The precision of the
emission intensity measurements is better than 0.5%
(for an individual image) and the derived rotational tem-
peratures are better than 1–2 K (in 3 min) or 0.5 K in 1 h
(Pendleton et al., 2000). Recent comparisons of the
MTM temperature data with coincident Na lidar and
satellite borne temperature measurements indicates that
the MTM results are accurate to about ±5 K for both
the OH and the O2 data when referenced to their nom-
inal emission altitudes of 87 and 94 km, respectively
(e.g., Pendleton et al., 2000; von Savigny et al., 2004;
Zhao et al., 2005). Of key importance to this investiga-
tion is the inherent linearity and stability of the MTM
which provides an additional capability for high-preci-
sion seasonal investigations of mesospheric temperature
variability (Taylor et al., 2001).

Since November 2001 the MTM has operated near-
continuously at Maui, HI as part of the Maui-MALT
program which is a jointly sponsored initiative between
the US Air Force Office of Scientific Research (AFOSR)
and the National Science Foundation (NSF). Autono-
mous observations are made on a routine basis centered
on the new moon period (for �22 nights per month) in
coordination with a suite of optical and radar measure-
ments to investigate the dynamics of the mesosphere and
lower thermosphere (MLT) region at low-latitudes over
the central Pacific Ocean. Recent related results describ-
ing coordinated measurements using the MTM with a
co-located meteor radar and an Na wind temperature
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lidar system are given in Taori et al. (2005) and Zhao
et al. (2005).
Fig. 2. Example showing typical temperature variability in the OH
and O2 data as observed on July 5, 2003 (UT day 186). The nocturnal
variability is driven mainly by long-period tidal forcing with super-
posed smaller-scale gravity waves.
3. Results

To date over 467 nights of quality data have been col-
lected from Hawaii by the MTM over a 25 month period
from October 2001 to January 2004. Further measure-
ments are continuing at Maui but the data have yet to
be incorporated into this analysis. Fig. 1 plots the
nightly mean OH and O2 temperatures for all 467 nights
when good data were collected for durations of more
than 4 h. A 4 h cut off was chosen to help minimize
the contributions of tides to the mean night-time tem-
perature determinations (and are discussed herein), as
employed by previous observers (e.g., Takahashi et al.,
1995; She and Lowe, 1998). The data are plotted in
UT day number and start late in October 2001 (UT
day 295). To aid the comparison, both plots use the
same scales. A characteristic of the MTM data is that
the nocturnal variability in both emissions is dominated
invariably by tidal effects that produce temperature
changes of typically 5–20 K during the course of any gi-
ven night (Pendleton et al., 2000; Taori et al., 2005). In
both plots the ‘‘error bars’’ show the standard deviation
in the mean of the nightly temperature distribution for
each emission, which, due to the high precision in the
individual measurements, is due mainly to geophysical
variability. This is illustrated in Fig. 2 which shows the
raw (5.5-min sample interval) OH and O2 temperatures
derived from intensity data recorded on July 5, 2003
(UT day 186). On this night both temperature plots
Fig. 1. Ensemble of 467 nightly mean measurements of mesospheric OH an
October 2001–January 2004. The individual ‘‘error bars’’ represent the stand
show a clear signature of a long-period oscillation (pos-
sibly due to the semi-diurnal tide), with amplitudes of
�10 K (O2) and 15 K (OH). This is indicated by the sim-
ple least-squares fit curve to each data set using a fixed
12 h periodicity. Superimposed on the long-period vari-
ation are several smaller amplitude perturbations due
primarily to shorter period gravity waves. The mean
nocturnal temperatures for the OH and O2 data were
197 ± 14 and 195 ± 9 K, where the uncertainties are
clearly driven by the tide-like perturbation.

Returning to Fig. 1, it is evident that the data set is
well populated with only short data gaps (of a few days
duration) occurring every full moon period. However,
during the April–May 2002 period (day numbers
�460–520) the MTM measurements were compromised
d O2 temperatures as recorded from Maui (20.8�N) during the period
ard deviations for each data night.
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by an intermittent camera cooling problem. Neverthe-
less, the data show that during this �2-yr period, the
O2 temperatures ranged from typically 185 to 215 K
(mean 199.6 K) while the OH temperatures exhibited a
slightly broader range (�175–220 K), but a similar mean
value of 196.9 K . Evident in both data sets is a long-per-
iod oscillation in temperature which exhibits a distinct
peak around day 840 and a second peak of smaller
amplitude (around day 660), suggestive of a seasonal
oscillation of periodicity �0.5 yr. Unfortunately, the
limited data recorded during the spring 2002 restricts
the detection of an additional (expected) peak around
day 480, yet the few available measurements during this
period do suggest such a feature in both the OH and O2

data sets.
To help quantify this apparent seasonal variability in

mesospheric temperatures, Fig. 3 re-plots the data for
Fig. 2 folded into a 1-yr interval. In this format some
nights contain more than one data point while other
nights help fill in the April–May 2002 data gap. The
form of the long-period oscillation is now immediately
evident exhibiting a marked double humped structure
with distinct peaks around the spring (UT day 95) and
fall (UT day 275) period implying a semi-annual-type
oscillation. A simple least squares sinusoidal fit to the
O2 data indicates a near symmetrical perturbation of
Fig. 3. Composite plot showing the data of Fig. 1 folded into a 1-yr
period. Both OH and O2 data sets show a well-defined semi-annual
oscillation (indicated by the fitted curves) with maxima during the
spring and fall periods. Note the spring peak has a larger amplitude
than the fall peak.
amplitude 5.7 ± 0.4 K and a periodicity 182 ± 7 days.
This is shown by the superimposed solid curve in the
upper plot. A least-squares analysis of the OH data
(lower plot) indicates very similar mean amplitude of
5.8 ± 0.6 K and an almost identical wave periodicity
(181 ± 6 days) to that determined independently from
the O2 data. However, the OH oscillation is not as sym-
metrical and the data exhibit significantly larger pertur-
bation amplitude in the spring (�10 K) than during the
fall period (�3 K).

To investigate this oscillation further, Fig. 4 presents
a composite (1-yr folded) plot the OH M (6,2) and O2

(0,1) atmospheric band intensities derived from the
MTM image data for the same period. A strong sea-
sonal variation is again evident in both data sets with
a conspicuous peak in the spring and a smaller ampli-
tude peak in the fall period in clear synchronization with
the temperature data of Fig. 3. Least-squares estimates
of the perturbation amplitudes (not shown) indicate
�8–9% for both the OH and O2 data sets. However,
in this case the O2 intensity data exhibit a larger ampli-
tude perturbation during the spring-time as compared
with the OH data. Together these two data sets provide
new evidence for the presence of a coherent mesospheric
oscillation of period �180 days and significant ampli-
tude in both the OH and O2 emission intensity and tem-
perature data sets during this �2-yr period.
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Fig. 4. Corresponding plot to Fig. 3 showing the 1-yr folded relative
band intensity data for the OH and O2 emissions. A similar periodicity
semi-annual-oscillation is again evident in both data sets, with a larger
peak occurring during the spring time.



Fig. 5. The seasonal variations in OH rotational temperature reported
by Takahashi et al., 1995, (This figure is reproduced with kind
permission of the author). The top panel shows the temperature data
for Fortaleza (3.9�S) while the bottom panel presents the data for
Cachoeira–Paulista (22.7�S). In each case the solid curve plots the
monthly averaged data.
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4. Discussion

The long-period perturbation reported herein is
highly suggestive of a semi-annual-oscillation (SAO) in
temperature. To date, there have been exceedingly few
measurements of the SAO signature in mesospheric tem-
perature. Our observations help characterize the form of
this oscillation as detected at low-latitudes (�21�) in the
northern hemisphere. In particular, independent OH
and O2 temperature estimates at two different mean alti-
tudes (�87 and 94 km) in the upper mesosphere both
indicate a semi-annual-oscillation in temperature of
amplitude �5–6 K. This is equivalent to a percentage
oscillation of �7–8% for a mean annual temperature
around 200 K. However, our data also suggest that the
spring-time perturbation is significantly larger than that
observed during the fall period as evident in both the
temperature and intensity data sets.

As far as we are aware the only previous ground-
based measurements of the SAO were reported by
Takahashi et al. (1995). They presented results of a 5-
yr series of Southern Hemisphere measurements from
two sites in Brazil; one located near the equator at Fort-
aleza (3.9�S) and the other at Cachoeira Paulista
(22.7�S), at a similar latitude to our measurements in
Hawaii. At both sites they used a tilting-filter photome-
ter to sequentially measure three nightglow emissions,
the NIR OH (9,4) Meinel band, the Na (589.3 nm) line
emission (peak height �90 km) and the OI (557.7 nm)
green line emission (peak height �96 km). Fig. 5 sum-
marizes the results of their OH rotational temperature
measurements from these two sites. The top panel plots
the temperature data from Fortaleza which exhibits a
marked semi-annual-oscillation of fitted periodicity
182.5 days and amplitude �8.5 K. This is illustrated
by the solid curve which connects monthly mean tem-
peratures derived from the 5-yr folded data set. The lower
panel shows the corresponding data for Cachoeira–
Paulista which indicates a similar periodicity oscillation
but of significantly lower amplitude (3.5 K). Their OH
intensity data (not shown here) also exhibited a similar
characteristic behavior with the largest amplitude for
the semi-annual oscillation occurring closer to the equa-
tor. As similar periodicity oscillations were also evident
in their Na and OI airglow emission data (which origi-
nate at higher altitudes within the MLT region) Takah-
ashi et al. (1995) concluded that their data were the
signature of a predominant semi-annual-oscillation evi-
dent in the upper mesospheric emissions and tempera-
tures in the equatorial region. Our measurements are
in close agreement with their results but our observed
temperature perturbation amplitude (�5–6 K) falls in
between their two reported values.

Previous measurements of the SAO in mesospheric
temperature were reported by Clancy and Rusch
(1989) using the Solar Mesospheric Explorer (SME) sa-
tellite data. The SME satellite observed scattering of
ultraviolet light in the earth�s limb to derive tempera-
tures over the height range 58–90 km with a resolution
of �3 km. Tables of results are available for comparison
with our ground-based airglow measurements. Fig. 6
shows the SAO signature determined by SME for three
consecutive sample heights in the upper mesosphere, 83,
86.5, and 90 km (maximum available height), for 20�N
latitude. The SAO signature is shown to be largest at
90 km; exhibiting an amplitude of �15 K that reduces
down to �5 K at the 83 km level. At the approximate
peak of the OH emission (86.5 km) the SME data indi-
cate an amplitude of �10 K which is somewhat larger
that our observed value of �6 K (for both OH and O2

data sets). However, as our intensity data (and hence
the temperature determinations) are height weighted
over the nominal �8–10 km OH and O2 layer thickness
the agreement is very promising. This said, the SME
data do not indicate any significant asymmetry between
the spring and fall maxima as we have reported herein.
In contrast, close inspection of the ground-based tem-
perature data from Fortaleza (3.9�S) reported by
Takahashi et al., 1995 (see Fig. 5) shows some evidence
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for a larger amplitude peak in the spring in support of
our measurements. Furthermore, asymmetry in seasonal
mesospheric temperatures has also been observed in an
ensemble of rocket soundings obtained from a number
of sites at low- and equatorial latitudes as reported by
Cole and Cantor (1978). However, the Cachoeira–Pauli-
sta data (23�S), which are closer to our latitude of obser-
vations, are less well defined and do not show any
significant asymmetry.

Clancy and Rusch (1989) concluded that the temper-
ature oscillations detected by the SME were presumably
related to the well-established semi-annual-oscillation in
the equatorial mesospheric mean wind field. Previous
measurements of the SAO signature in mesospheric
winds also indicate a strong asymmetry with the first
peak (spring) significantly larger than the second (fall)
peak (e.g., Hirota, 1978; Hamilton, 1982; Delisi and
Duknerton, 1988). Thus, it is not surprising to see a sim-
ilar feature in the mesospheric temperature data. In
summary, the high quality of our large ground-based
data set (obtained over a >2-yr period) strongly sup-
ports the existence of an asymmetry in the SAO as evi-
dent in both intensity and temperature data from two
height-separated airglow emissions.

Although not discussed by Clancy and Rusch (1989),
the possibility of tidal aliasing affecting the SAO struc-
ture as determined using the SME data has been raised
by Garcia et al. (1997). As the SME data are sampled
around local noon there is the possibility that the diur-
nal tidal perturbation (which dominates the MLT region
at low-latitudes) could significantly affect the observed
amplitude and phase of the SAO signature. As our tem-
perature measurements at Maui, HI were also made
over a limited nocturnal period (typically 4–9 h centered
on local midnight), there is a possibility that tidal alias-
ing will also contribute to the measured SAO signature
reported here. However, the local time of the SME sam-
pling (�3 pm) and our MTM measurement (mean �10
pm to 2 am) is about 9 h apart. Hence, the SAO signals
from these two measurements would be expected to be
out of phase if diurnal tidal aliasing were the main con-
tributor to the measured SAO signal. The MTM and
SME temperature data of Figs. 3 and 6, respectively,
both show positive (i.e., in phase) peaks in April and
October at 20�N around 87 km altitude. This therefore
suggests that the major cause of the observed SAO sig-
nal is not tidal aliasing. We are further investigating
the effects of the diurnal tide on our seasonal nocturnal
temperature data set using the National Center for
Atmospheric Research (NCAR) thermosphere–iono-
sphere–mesosphere–electrodynamics general circulation
model (TIME-GCM) estimates of the tidal amplitudes
and phases. The results of this work will be reported
at a later date.

Finally, an important new data set on low-latitude
mesospheric temperatures has recently been reported
by Friedman (2003). Potassium resonance lidar observa-
tions were made over an �22 month period (April 2001–
February, 2003) from Arecibo Observatory, Puerto Rico
(18.35�N) at a very similar latitude to our Hawaiian
measurements and also overlapping well in time with
our MTM data. An ensemble of 74 nights of lidar mea-
surements showing height-resolved temperatures over
the altitude range �80–105 km was used to investigate
the seasonal variability of the temperature and altitude
of the mesopause. Although Friedman does not discuss
the nature of the seasonal variability, examination of the
lidar data (his Fig. 2) does show evidence of a semi-an-
nual variability in temperature at altitudes below
�95 km that evolves more into an annual-type oscilla-
tion at higher altitudes. Our OH temperature data
(mean height �87 km) are in good qualitative agreement
with the lidar measurements but a comparison with the
O2 data (mean height �94 km) was much poorer. How-
ever, there are still conspicuous gaps in the lidar data
ensemble around the spring (mid-March through mid-
April) and fall (mid-September through mid-October)
periods, which currently limit a more quantitative study
of the SAO spring and fall amplitudes. A detailed com-
parison between the lidar and MTM data is planned
when there are additional lidar data available around
the equinox periods.
5. Conclusion

This paper presents new measurements of meso-
spheric temperature at low-latitudes recorded over a
25 month interval encompassing 2002–2003. Data from
two airglow emissions independently show a clear oscil-
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lation in mesospheric temperature and OH and O2 emis-
sion intensity with a characteristic period of �180 days.
The first peak occurs around UT day 95 while the sec-
ond peak occurs about UT day 280, consistent with a
semi-annual-type oscillation. Measurements of the mean
amplitude of the temperature perturbation yield �5–6 K
for both emission layers and �8–9% for their fractional
intensity variations. A significant asymmetry was also
found with larger amplitudes for the temperature and
intensity perturbations occurring during the spring.
Measurements of this type of oscillation in mesospheric
temperature are rare and the characteristics of seasonal
variation compare well with those previously reported in
the mesospheric wind field.
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