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Abstract. Temperature versus pressure orT (p) time series
from the Halogen Occultation Experiment (HALOE) of the
Upper Atmosphere Research Satellite (UARS) have been ex-
tended and re-analyzed for the period of 1991–2005 and for
the upper stratosphere and mesosphere in 10-degree wide lat-
itude zones from 60 S to 60 N. Even though sampling from a
solar occultation experiment is somewhat limited, it is shown
to be quite adequate for developing both the seasonal and
longer-term variations inT (p). Multiple linear regression
(MLR) techniques were used in the re-analyses for the sea-
sonal and the significant interannual, solar cycle (SC-like or
decadal-scale), and linear trend terms. Plots of the ampli-
tudes and phases for the interannual (QBO and subbiennial)
terms are provided. A simple SC-like term of 11-yr period
was fitted to the time series residuals after accounting for the
seasonal and interannual terms. Highly significant SC-like
responses were found for both the upper mesosphere and
the upper stratosphere. The phases of these SC-like terms
were checked for their continuity with latitude and pressure-
altitude; the larger amplitude responses are directly in-phase
with that of standard proxies for the solar flux variations. The
analyzed, max minus min, responses at low latitudes are of
order 0.5 to 1 K, while at middle latitudes they are as large as
3 K in the upper mesosphere. Highly significant, linear cool-
ing trends were found at middle latitudes of the middle to
upper mesosphere (−1.5 to−2.0 K/decade), at tropical lati-
tudes of the lower mesosphere (about−0.5 K/decade), and at
2 hPa (of order−1 K/decade). Both the diagnosed solar cy-
cle responses and trends from HALOE for the mid to upper
mesosphere at middle latitudes are larger than simulated with
most models, perhaps an indication of decadal-scale dynam-
ical forcings that are not being simulated so well.
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1 Introduction

Efforts to understand the seasonal and longer-term variations
of the temperature distribution of the mesosphere (Beig et al.,
2003; Lǎstovǐcka, et al., 2006) have been ongoing for three
to four decades using ground-based lidar and in situ rocket
measurement techniques, respectively (see e.g. Keckhut et
al., 2005; Kubicki et al., 2006). Although those techniques
are providing good quality time series of temperature data
above geophysical observing stations, it has been difficult for
analysts to resolve the atmospheric temperature response to
the forcing of the 11-yr solar cycle and then the underlying
trends due to changes in the so-called “greenhouse gases”
using datasets from fixed, local sites (e.g. Hampson et al.,
2006). It has also been difficult to use station data to verify
model simulations of changes in the zonal mean tempera-
ture (e.g. Akmaev et al., 2006; Kodera and Kuroda, 2002;
Gruzdev and Brasseur, 2005). Satellite measurement tech-
niques are providing datasets on the seasonal and interannual
variations of the zonal mean mesospheric temperature (e.g.
Fleming et al., 1990; Shepherd et al., 2005), but up until re-
cently they have been limited to time spans that are consid-
erably shorter than a solar cycle.

Remsberg (2007) reports on findings from time series
of temperature versus pressure (orT (p)) based on 95,900
sunrise (SR) plus sunset (SS) measured profiles from the
HALogen Occultation Experiment (HALOE) satellite ex-
periment (Russell et al., 1993). This 14-year (1991–2005)
T (p) dataset extends for more than one complete solar cycle,
making it possible to consider separating long-term trends
from the effects of the solar forcing. HALOE obtained an
exo-atmospheric look at the Sun as part of the signal nor-
malization procedures for each of its measured atmospheric
profiles. In addition, in-orbit calibration measurements of
the performance characteristics of the HALOE instrument
were obtained throughout its mission lifetime. No signifi-
cant changes were found that affect the fidelity of its time
series ofT (p) (Gordley et al., 2006).
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Fig. 1. Time series of zonal average SS (solid circles) and SR (open circles) temperatures (K) from HALOE measurements at the equator
and the 0.15-hPa level of the mesosphere (near 62 km). Terms for the multiple linear regression (MLR) model fit are listed at the lower left.
The oscillating curve is the fit for the complete MLR model, while the straight line is the value of the constant term.
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Fig. 2. As in Fig. 1, but the SS and SR points have been adjusted by half the mean SS/SR difference and then refit with the MLR model.

The HALOE profiles ofT (p) are based strictly on re-
trievals of its 2.8-µm CO2 channel transmission profiles
above about the 3-hPa altitude. The forward model for the
HALOE transmission accounts for the annual changes in the
atmospheric CO2 throughout its 14-yr lifetime. At the 5-hPa
altitude and below, theT (p) information is based entirely
on the analyses from the NOAA Climate Prediction Center
(CPC), as provided to the UARS Project. Above the 0.007-
hPa altitude there is a tie-in to the MSIS-90 climatology. Ver-
tical resolution of the individual retrievedT (p) profiles is of
order 3.5 km. Time series of zonal averageT (p) data have
been generated from the profiles and analyzed for 13 lati-
tude zones from 60 S to 60 N and for 16 pressure levels from
2 hPa (near 43 km) to 0.007 hPa (near 82 km) – a total of 208
separate time series for this analysis. The time series analy-
ses herein have been conducted for constant pressure levels,
rather than for constant altitude levels, in order to make it
easier to analyze for the vertically local effects of the sea-
sonal variations and to delineate the diabatic changes in the
T (p) profiles due to forcings from the solar flux and to the
radiative cooling from CO2.

This paper is complementary to and extends the material
of Remsberg (2007), as outlined below. Section 2 reviews
briefly the approach that was taken for the analyses and the
nature of the differences between time series of the sunset
(SS) versus the sunrise (SR) points. Section 3 contains plots
of the phases of the seasonal cycle terms and provides exam-
ples of the seasonal temperature distributions at 20 N, 40 N,
and 60 N for qualitative comparisons with climatologies de-
veloped from ground-based station measurements. Section 4
contains plots of the zonal mean distributions of the ampli-
tudes of the quasi-biennial and subbiennial terms. Profiles
of the phases of those terms are also shown for selected lat-
itudes. Section 5 then reviews the findings from HALOE
for the SC-like and the trend terms and compares them with
some recent model results and with other datasets. Section 6
discusses the findings in Sect. 5, particularly for those re-
gions where the phase or magnitude of the 11-yr term dis-
agrees with that for a direct, solar forcing mechanism.
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Fig. 3. Temperature residuals (K) for the MLR model fit to the data of Fig. 2.

2 Data analysis approach

The limb occultation measurements of the Sun by HALOE
occur at two local times. Remsberg et al. (2001), Remsberg
and Deaver (2005), and Remsberg (2007) have analyzed the
time series of SS plus SR ozone and/or temperature data at
selected latitudes and pressure-altitudes. SS and SR mea-
surements occurred, on average, about every 25 days for a
given 10-degree wide latitude zone, although at certain lati-
tude zones and times of the year they occurred within only
a few days of each other. As an example, the locations
of the SS and SR tangent points are shown in Remsberg et
al. (2001) for each day of 1995. A 25-dy sampling frequency
is quite adequate for characterizing even the shorter-period,
semi-annual variations inT (p) that are especially significant
for the mid mesosphere at low latitudes.

Figure 1 is an example of one such time series for the
Equator and the 0.15-hPa level of the mid mesosphere (at
about 62 km). The oscillating curve is the multiple linear re-
gression (MLR) fit to the time series of about 200 points and
is based on a model that includes annual (AO), semi-annual
(SAO), quasi-biennial (853-dy or QBO), sub-biennial (640-
dy or IA), and 4017-dy (11-yr or SC) terms. The straight
line is the constant term from the model. The average SS
minus SR bias in the data is 6.9 K at this level and latitude,
and it is due to the effects of tides to first order. Although the
MLR model fit for the seasonal terms in Fig. 1 is reasonable,
its short-period (or noise-like) residuals are considerable and
tend to limit the accuracy of the fit for the small-amplitude,
long-period terms. Remsberg (2007) adjusted the SS and SR
points by half their average difference and then re-combined
them as shown in Fig. 2. As a result, he obtained better conti-
nuity for the time series points and an improved fit for all the
MLR model terms. The residuals for the model fit of Fig. 2
are shown in Fig. 3, and the solid horizontal line is the linear
fit to those residuals.

The points in Figs. 1 and 2 consist generally of alternat-
ing occurrences for SS and SR at a zone of latitude. The
combined time series of Fig. 1 has a lag-1 autocorrelation
coefficient that is highly negative (AR1=−0.53). After mak-

ing the SS/SR adjustment AR1 becomes weakly positive
(AR1=0.13) for the series of Fig. 2, indicating just a slight
point-to-point memory for the non-diurnal, zonal mean state
of the tropical mid-mesosphere. Thus, the analysis sequence
is: (1) obtain an initial fit to the adjusted time series, (2) de-
terminate its AR1 coefficient, (3) transform the terms of the
model to account for that memory, and then (4) perform an-
other fit using those transformed terms to obtain their un-
certainties. As customary, the final residuals of Fig. 3 were
checked for any significant structure. More details on these
steps are given in Remsberg (2007).

Because the seasonal (AO and SAO) cycles in the time
series generally have much larger amplitudes than those of
the longer period terms (e.g. QBO-like, subbiennial, and so-
lar cycle (or SC-like)), it is important to account for those
seasonal cycles with very good accuracy. After the seasonal
terms were fit to the data, the residuals of this simple model
were Fourier-analyzed to resolve any longer-period structure
(Remsberg, 2007). QBO-like (853-dy) and subbiennial (640-
dy) cycles were highly significant for most latitudes and pres-
sure altitudes. The subbiennial period arises as a result of
the difference between the AO and QBO terms (Dunkerton,
2001). Those two interannual terms were included in the
MLR models. Further analyses were conducted at each lati-
tude and pressure-level for sinusoidal SC-like terms of 4017-
dy (11-yr) period and for linear trend terms. A simple fit
to the data residuals was the basis for the assessment of the
phase of the 11-yr term. The combined set of terms was used
for the final MLR models.

3 Seasonal terms

Remsberg (2007) contains tabulations of the amplitudes and
phases of the semiannual (SAO) and annual (AO) terms, plus
zonal mean cross section plots of their amplitudes, from 60 S
to 60 N and from 0.007 to 2 hPa, and they agree very closely
with those reported by Randel et al. (2004) from HALOE
for the period 1992–1999. TheT (p) profiles are based only
on the NOAA/CPC analyses below about the 5-hPa level,
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HALOE SAO Temperature Phases
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Fig. 4. Contour plot of the zonal average temperature phase (month
of year) for the maximum of the first cycle of the semi-annual os-
cillation (SAO) term. Contour interval is 1 month. Altitude scale is
approximate.

although the bottom-up retrieval scheme for the HALOE
T (p) is effectively free of that lower bound influence by
2 hPa (Remsberg et al., 2002). In most respects the annual
average and seasonal terms from HALOE are similar to those
reported previously from temperature climatologies obtained
with other satellite datasets (e.g. Barnett et al., 1985; Shep-
herd et al., 2004; Huang et al., 2006). Some differences
should be expected depending on whether the comparison
climatologies are referenced against pressure or altitude or
whether they are based on low versus medium vertical res-
olution measurements. The climatology herein is somewhat
unique because the HALOE SS and SR temperatures have
been adjusted for the average effects of tides. However, there
may be slight biases for the AO amplitudes, and especially
for the SAO amplitudes at low latitudes, because this first or-
der adjustment for the combined HALOE time series does
not consider seasonal variations of the tides, as reported by
Huang et al. (2006). Note also that the present analysis ap-
proach does not allow for an SAO term that varies in ampli-
tude (or phase) from its first to its second cycle. The seasonal
and annual mean temperatures from these HALOE analyses
are also essentially free of the small but significant inter-
annual and solar cycle terms because those terms were ac-
counted for in obtaining the final MLR models of this study.

Plots of the phases of the SAO and AO terms are given in
Figs. 4 and 5, respectively, for the range of pressure-altitudes
of the upper stratosphere and mesosphere. Figure 4 shows
the phase (in days) for the first SAO maximum. It propa-
gates downward with a hemispherically-symmetric lag that
increases from low to middle latitudes. The SAO has only
a weak phase tilt with altitude in the mesosphere at middle
latitudes. Conversely, the AO phase of Fig. 5 has very little
tilt at low latitudes in the mesosphere until one ascends to
near the 0.05-hPa level. AO phases are hemispherically an-
tisymmetric, as expected for the annual cycle forcing. Some

HALOE AO Temperature Phases
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Fig. 5. As in Fig. 4, but for the phase of the annual oscillation (AO)
term. Contour interval is 2 months.

of the small-scale gravity waves are effectively filtered by
the winds in the stratosphere. However, both the planetary
waves and the gravity waves propagate upward and equator-
ward more effectively at equinox, “break” and deposit their
energy in the uppermost mesosphere, and contribute to the
generation of the tropical SAO (Baldwin et al., 2001).

The SAO and AO amplitudes and phases and the annual
average temperature values that have been reported here and
in Remsberg (2007) can be used to generate the seasonal vari-
ation of the zonal meanT (p) for a given latitude. As exam-
ples, Figs. 6 and 7 show the seasonal variations forT (p) at
20 N and 40 N, respectively. They compare very favorably
with the seasonal variations of temperature versus altitude
(or T (z)) obtained from ground stations at Hawaii (19.5 N,
204 E) and in France (44 N, 6 E) using ground-based lidar in-
struments (see Plate 1 in Leblanc et al., 1998). In Fig. 6 the
effect of the SAO at 20 N shows clearly in April as a change
from maximum temperatures at the stratopause to minimum
values in the upper mesosphere. The second SAO cycle is
apparent by late October. In Fig. 7 for 40 N the AO cycle
is paramount; the effect of the SAO does not extend to the
middle and high latitudes.

Seasonal variations can also be generated from the
HALOE data for the higher latitudes of 50 and 60 degrees
because HALOE sampled those latitudes often enough to de-
fine the dominant AO term, at least. Figure 8 shows the data
time series and its MLR model for 0.01 hPa and 60 N. It is ap-
parent that although there are fewer total points in this high
latitude time series, the simple MLR model is fitting them
well. Minimum temperatures are of order 160 K and occur
in mid summer for this latitude band (55 N to 65 N). There
is a broad maximum of about 205 K in winter, punctuated
by a weak SAO signal. One can also see clearly the effects
of about a 4 day per year retrogression of the HALOE tan-
gent point sampling (e.g. Kawamoto and Shiotani, 2000) by
observing the sequence of springtime SR points from 1997–
2001 and then the springtime SS points from 2001–2005.

Ann. Geophys., 26, 1287–1297, 2008 www.ann-geophys.net/26/1287/2008/
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HALOE Seasonal T(p) Climatology for 20N
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Fig. 6. Seasonal variation of the HALOET (p) climatology for
20 N. Contour interval is 5 K.

HALOE Seasonal T(p) Climatology for 40N
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Fig. 7. As in Fig. 6, but for 40 N.

Figure 9 is the seasonalT (p) climatology at 60 N, based on
the analyzed terms of the MLR models for the range of pres-
sure altitudes. Note that the zonal mean HALOE results for
40 N in Fig. 7 and for 60 N in Fig. 9 do not show the ef-
fects of the large localized winter stratospheric warmings or
mesospheric coolings that are often pronounced in seasonal
plots at specific station locations (Remsberg et al., 1994) or
in hemispheric maps from daily satellite data (e.g. Remsberg
et al., 2003).

4 Interannual terms

Remsberg (2007) contains a tabulation of the amplitudes of
the two primary interannual terms having periods of 853 days
(28-month, quasi-biennial or QBO) and 640 days (21-month,
subbiennial or IA), respectively. He determined those domi-
nant periods from a Fourier analysis of the time series residu-
als after accounting for the seasonal terms. Although he was
unable to resolve highly significant interannual terms for ev-
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Fig. 8. MLR model fit to the HALOET (p) time series points at
60 N, 0.01 hPa.

HALOE Seasonal T(p) Climatology for 60N
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Fig. 9. As in Fig. 6, but for 60 N.

ery latitude and pressure-altitude, both terms are included in
the models for each of the 208 zonal mean grid points in this
study.

Figure 10 shows the distribution of the amplitudes for the
QBO-like terms. They are relatively small (of order 1.2 K
or less) throughout the tropical and subtropical upper strato-
sphere and mesosphere. Amplitudes grow to 1.4 K at about
0.01 hPa at the Equator and are in reasonable accord with
the pressure-altitude for the maximum winds associated with
the mesospheric QBO (Burrage et al., 1996; Baldwin et al.,
2001). It is noted that HALOE could not really define the top
boundary of the equatorial maximum at 0.01 hPa because its
retrievals are being merged with the MSIS climatology above
that level. Larger amplitudes (0.9 K to 1.5 K) are present at
40 to 50 degrees of latitude in both hemispheres, and their
location in the upper mesosphere agrees with that reported
by Huang et al. (2006) from the SABER dataset.

It is important to remember that the amplitudes of the QBO
terms from HALOE are being obtained with respect to pres-
sure (not altitude) surfaces, and that the upper mesosphere
QBO at low latitudes is primarily due to the dynamical forc-
ings from gravity waves (Baldwin et al., 2001). Therefore,
any atmospheric temperature response should be somewhat
adiabatic and not so apparent in pressure coordinates. With
that in mind, the QBO amplitudes of Fig. 10 can be compared

www.ann-geophys.net/26/1287/2008/ Ann. Geophys., 26, 1287–1297, 2008
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HALOE QBO Temperature Amplitudes
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Fig. 10. Amplitudes for the QBO terms. Contour interval is 0.3 K.

with those obtained in altitude coordinates from the SABER
dataset in Huang et al. (2006, their Fig. 2). Both analyses
indicate significant amplitudes at Equatorial latitudes of the
upper mesosphere, although the HALOE results do not show
the maximum at 70 km that was obtained from the SABER
data. Tidal effects are large in the tropical upper mesosphere,
and there may be issues with how well they have been ac-
counted for by Huang et al. (2006); the SABER measure-
ments experience a slow precession across nearly all local
times during each 60-dy yaw cycle. For instance, Remsberg
(2007) reported an average SS minus SR difference of nearly
−8 K for the upper mesosphere at the equator, and the time
series data herein were adjusted for that difference for the
present analyses. Even so, the HALOE residuals are much
larger (or order +/−5 K) than the amplitude of its QBO term
for the tropical upper mesosphere. Those differences be-
tween the MLR model values and the bin-averaged points do
not change appreciably when the latitude bins are widened
or when more profiles are required for an average. It is more
likely that the rather large temperature fluctuations in the data
are related to the variable nature of the occurrence, propaga-
tion from below, and breaking of the planetary and gravity
waves (Baldwin et al., 2001).

HALOE shows increasing QBO amplitudes in the upper
stratosphere near 2 hPa, although they are about half that ob-
tained from the SABER analyses. Huang et al. (2006) also
performed QBO analyses with the MLS dataset, but at con-
stant pressure levels like the ones herein from HALOE, and
they found an MLS QBO signal for the tropical upper strato-
sphere that is weaker than from SABER and more in line
with the present values from HALOE.

Figure 11 shows the relative QBO phase at the equator and
at 40 N and 40 S. It is apparent that the atmospheric QBO
signal is descending from the upper mesosphere to near the
stratopause at each of the latitudes. There is a clear out-of-
phase relationship from low to middle latitudes, and the QBO
phase at the middle latitudes in nearly hemispherically sym-
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Fig. 11.Profiles of the relative phases for the QBO terms at selected
latitudes.

metric. The rather abrupt change in the QBO phase at the
equator near the stratopause may not be very significant be-
cause those QBO terms have amplitudes of only about 0.2 K.

As noted earlier, the subbiennial (or IA) term arises due to
interactions between the QBO cycle and the AO (and perhaps
SAO) cycles. The distribution of amplitudes for this term is
shown in Fig. 12. Maxima occur in Fig. 12 at the equator
near 0.015 hPa and at 40 and 50 degrees near 0.07 hPa, and
the subbiennial term is highly significant in those regions. Its
phases are shown in Fig. 13 for the equator and for 40 N and
40 S, and in general they are anti-symmetric between the two
hemispheres. At the equator the subbiennial terms have a
phase tilt that is opposite to that of the QBO term, although
both terms are of very small amplitude throughout the middle
mesosphere and are not highly significant. The distribution
of this subbiennial term has not been reported heretofore for
the mesosphere from any other satellite temperature datasets.

5 Solar cycle and trend terms

The findings for the seasonal and interannual terms of the
preceding section are preliminary to the goal of analyzing
the HALOE time series for its response to the solar cy-
cle forcing and to a long-term cooling trend due to the in-
creasing amounts of the atmospheric “greenhouse gases”.
Remsberg (2007) employed the MLR technique to resolve
an SC-like term by assuming that it had an 11-yr period
but then allowing the fit to the residuals to determine its
phase. He labeled his approach as “exploratory” because he
wanted to consider other possible decadal-scale forcings for
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Fig. 12. Amplitudes for the subbiennial terms. Contour interval is
0.3 K.

the temperature time series. In general, the time span for
maximum solar flux conditions is broad and extends for sev-
eral years. Instead of regressing directly against a standard
solar flux proxy, he simply checked to see whether the phases
of the SC-like terms that he found were within±2 yr of Jan-
uary 1991. The phases of the highly significant SC-like terms
were tabulated in Remsberg (2007, his Table 11), and in most
instances they are in-phase. Whenever the terms were nearly
in-phase with a solar uv-flux proxy, he assumed that they
were SC-like and due to the expected, direct solar-flux forc-
ing mechanism. If the 11-yr term had amplitude that was
considerably larger than expected and/or was not in-phase
with the flux, he speculated that there was an additional, per-
haps decadal-scale, dynamical forcing mechanism that was
responsible.

In the present analysis the SC-like terms have since been
determined at all the latitude and pressure-altitude grid
points, even where those terms were not in-phase with the
flux variations or where they were not so significant. A co-
sine weighting was applied to those SC-like amplitudes to
account for the absolute time difference from January 1991
(or 2002) for the phase, as in Remsberg (2007). Then those
adjusted amplitudes were multiplied by two to obtain an es-
timate of the “max minus min” SC temperature differences,
as shown in Table 1. Negative values indicate where they
are out of phase with those of a solar proxy having maxi-
mum flux at January 1991 (or 2002). Those circumstances
occurred for a number of pressure levels in the middle meso-
sphere. This modified analysis provides values for gener-
ating a contour plot of the observed SC-like responses for
comparison with the results from model simulations.

Figure 14 is a plot of those adjusted, SC-like (max mi-
nus min) differences for the latitude bins from 40 S to 40 N.
The 2σ levels for those differences are of order 0.4 K. Fig-
ure 15 is the contour plot of the phase for the response max-
imum as referenced to January 1991 (or January 2002); the
shading shows the regions were the maximum is within 1.5
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Fig. 14. Contour plot of the adjusted, SC-like “max minus min”
T (p) values. Contour interval is 0.5 K, and the zero and negative
contours are dashed.

years of that date. One can see that the response in Fig. 14 is
generally weak in the mesosphere at low latitudes, although
it attains a maximum value of greater than 1 K at the tropi-
cal stratopause. Response magnitudes become larger at mid-
dle latitudes. Figure 15 shows that the response is some-
what out-of-phase at the equator in the upper mesosphere,
but it is in-phase at middle latitudes. At 30 N the response
changes with pressure-altitude from in-phase to out-of-phase
at about 0.05 hPa. The responses have a similar pattern at
40 S, but the phase does not changeover until about 0.4 hPa.
Responses are near zero in the upper stratosphere at mid-
dle latitudes. Overall, the patterns in Figs. 14 and 15 for
the SC-like terms are considered qualitative. However, the
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Table 1. Adjusted, Max Minus Min, values of SC-like terms (K).

P (hPa) 60 S 50 S 40 S 30 S 20 S 10 S Eq 10 N 20 N 30 N 40 N 50 N 60 N

0.007 1.5 2.5 1.2 1.2 2.0 1.6 0.2 1.2 1.4 3.2 2.4 2.8 3.8
0.010 1.2 2.2 1.6 1.1 2.0 0.6 −1.7 0.8 1.7 3.2 2.5 3.0 4.2
0.015 0.5 2.2 2.1 1.2 1.9 0.3 −1.3 0.1 1.8 3.4 2.7 3.2 4.3
0.020 0.1 2.2 2.3 1.4 1.6 0.6 −0.8 0.1 1.9 3.2 2.7 3.2 4.3
0.030 −0.7 2.2 2.9 1.7 0.9 1.6 0.4 0.5 1.3 2.7 1.5 2.6 3.7
0.050 −1.6 1.2 2.9 2.2 0.7 0.9 1.1 0.2 0.2 0.4 0.2 0.1 2.9
0.070 −1.8 0.6 3.3 2.4 0.8 −0.2 1.0 −0.4 −0.2 −1.3 −0.4 0.5 1.5
0.100 −1.1 1.1 3.1 2.0 0.5 0.0 0.4 0.0 −0.3 −1.5 −0.1 0.7 0.6
0.150 −0.1 1.8 2.2 0.9 0.2 0.8 0.7 1.2 0.1−1.0 0.7 1.5 0.4
0.200 0.6 2.2 1.6 0.6 0.2 0.6 0.8 1.0 0.2−0.4 0.9 1.6 0.3
0.300 1.5 2.2 0.6 0.5 0.4 0.0 0.0 0.1 0.6 0.1 1.4 1.5 0.1
0.500 1.7 1.6 −0.2 0.0 0.7 0.5 −0.1 0.4 1.0 0.9 1.4 0.6 0.4
0.700 1.9 1.5 −0.7 −0.2 0.7 0.7 0.7 0.6 0.8 0.5 1.2 0.2 0.0
1.000 1.8 1.2 −0.5 0.0 0.9 0.8 1.5 0.9 0.4 −0.2 0.7 −0.5 −0.0
1.500 1.5 0.4 −0.4 0.3 1.0 0.7 1.2 0.9 0.4 0.2 0.5−0.8 −0.8
2.000 1.4 0.2 −1.0 0.1 0.8 0.7 0.8 0.7 0.4 0.8 0.8−0.7 −1.3
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Fig. 15. Contour plot of the phase of the SC-like maximum (in
years) as referenced to January 1991. The shaded regions have a
phase maximum within±1.5 yrs of that date. Contour interval is
1.5 years. Negative values are dashed and the zero contour is dotted.

larger SC-like responses are in-phase, clearly present in the
HALOE time series, and highly significant. The responses
in Table 1 at 50 and 60 degrees latitude are considered less
meaningful because of the poorer seasonal sampling from
HALOE at high latitudes. Those SC-like results were not
plotted, although there is reasonable continuity for them from
40 to 50 degrees for many of the pressure levels.

Most of the early model simulations of the response of
mesosphericT (p) to a direct, solar uv-flux forcing indicate
weak increases with altitude and latitude (e.g. Garcia et al.,
1984; Huang and Brasseur, 1993; Shindell et al., 1999; Khos-
ravi et al., 2002). At low latitudes their modeled responses

have minimum values in the low to mid mesosphere but in-
crease near the stratopause and in the uppermost mesosphere.
The HALOE results at low latitudes in Table 1 agree with the
models except in the uppermost mesosphere. The analyzed,
HALOE “max minus min” SC responses of 0.7 to 1.5 K near
the tropical stratopause agree with the recent analyses from
the ERA-40 dataset (Crooks and Gray, 2005) and from the
separate analyses of the HALOE data by Fadnavis and Beig
(2006a). The observed responses from HALOE also agree
with those from more recent model studies (e.g. Hampson et
al., 2005; Matthes et al., 2004; Marsh et al., 2007).

HALOE SC-like responses in Fig. 14 show an alternating
phase relationship with altitude for the mesosphere at mid-
dle latitude and for both hemispheres. However, the pattern
of the response is shifted to higher altitudes for the northern
than for the Southern Hemisphere. The modeled results of
Matthes et al. (2004) and especially of Marsh et al. (2007)
also show larger SC responses at middle latitudes. They
agree well with the HALOE results for the southern, but
not for the Northern Hemisphere. It is postulated that the
somewhat larger HALOE responses at the higher altitudes of
the Northern Hemisphere are associated with a decadal-scale,
dynamical response that is also in-phase with the solar flux
forcing but which is not yet represented well in the models.

The MLR technique can accommodate a simultaneous fit-
ting of polynomial terms to the HALOE time series, in ad-
dition to all the foregoing periodic terms. If the analyzed
trends are reasonable, they provide an independent check of
the fidelity of the SC-like terms, too. Temperature trends are
determined by changes for both CO2 and O3 in the upper
stratosphere and lower mesosphere, but primarily for CO2
in the middle and upper mesosphere. The HALOE measure-
ments were obtained for a time span when the trends in ozone
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were small for the upper stratosphere, but when CO2 was still
increasing steadily (WMO, 2007). Therefore, it was assumed
that a linear trend term ought to give a reasonable fit to any
trends in the HALOET (p) time series.

Remsberg (2007) found highly significant linear trends at a
number of latitudes and pressure-altitudes, and those trends
are still valid. The trend terms of lower significance have
been added for this present study, so that comparisons with
model results can be made more easily. It is also noted that
there were very large trends due to “end point” anomalies
for several levels of the higher latitude zones of 50 and 60
degrees, apparently because the seasonal sampling was not
good toward the end of the HALOE mission. The results
shown herein are restricted to the latitude range of 40 S to
40 N.

A contour plot of the trends is shown in Fig. 16, and their
2σ values are of order 0.2 K/decade. The trends are small
throughout the mesosphere at low latitudes. In fact, they are
slightly positive at low latitudes of the upper mesosphere and
at the middle latitudes of the lower mesosphere. These are
the same regions where the solar cycle responses are also
weak. Simulations of the rate of cooling due to the increas-
ing “greenhouse gases” are in general agreement with cool-
ing rates of−0.5 K/decade for the mesosphere, particularly
if the only gas that is changing is CO2 (e.g. Akmaev et al.,
2006). In the uppermost mesosphere the observed trends de-
crease to near zero across all the latitude zones and are in
good agreement with the simulations of Garcia et al. (2007).
There is a clear increase in the observed cooling trends in the
middle to upper mesosphere at the middle latitudes of both
hemispheres (of order−2.0 K/decade), and those values are
highly significant. However, the simulation studies are not
reproducing that finding. Clearly, there must be other mech-
anisms contributing to the diagnosed cooling trends from the
HALOE data at middle latitudes of the upper mesosphere.

Trends in Fig. 16 near the stratopause are fairly uniform
with latitude and of order−0.5 to −1.0 K/decade. They
agree with those reported for the low latitudes by Fadnavis
and Beig (2006b). These cooling rates are also within the
range of model results in Shine et al. (2003). Akmaev et
al. (2006) calculated somewhat larger global cooling rates of
about−2 K/decade near the stratopause. However, their re-
sults are for the period 1980–2000, when the decline in ozone
(and the decline in its radiative heating) was contributing to
their calculated net cooling values. The HALOE measure-
ments were taken when the decline of the ozone was much
less or near zero. Trends in upper stratospheric temperatures
have not been reported from other datasets for comparisons
with the specific period of HALOE – 1991–2005.

6 Discussion and summary

The findings herein represent new results for the SC-like and
trend terms ofT (p) since the review by Beig et al. (2003),
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Fig. 16. Contour plot of the diagnosed, linear trend terms (in
K/decade) from HALOE. Contour interval is 0.5 K/decade, and the
zero and positive (warming) trends have dashed contours.

and in many respects there is good agreement with the results
from models. However, the SC-like responses and trends
from HALOE for the middle latitudes of the upper meso-
sphere are definitely larger than those from the models. This
region is where planetary waves tend to break, particularly
for the winter/spring period. Gravity waves and tides also
begin to break in the upper mesosphere, and it is a region of
observed mesospheric inversion layers (MIL). The propaga-
tion of planetary waves to the mesosphere may be enhanced
under solar maximum conditions, giving rise to an additional
T (p) response that is in-phase with the solar cycle. For ex-
ample, Kirkwood and Stebel (2003) reported a decadal-scale
correlation for the phase of the stationary planetary waves
and their associated effects on the net circulation for the oc-
currence of noctilucent clouds (NLC) near the polar summer
mesopause. The solar response from HALOE in the upper
mesosphere at middle latitudes indicates that the coldest tem-
peratures are occurring near solar minimum when the water
vapor (and NLC sightings?) is at a maximum in that region
(Chandra et al., 1997). It is reasonable to expect that such
wave-induced forcings are affecting theT (p) at middle lati-
tudes of the upper mesosphere, as well.

There have been several recent modeling studies of a dy-
namical response to the solar cycle forcing that indicate a
reinforcement of the normal radiative temperature response
in the mesosphere at solar maximum (Kodera and Kuroda,
2002; Hampson et al., 2005). Koshravi et al. (2002) con-
ducted 2-D model simulations to see whether they could pro-
duce a dynamically-induced temperature response to the so-
lar flux forcing. They found significant, in-phase temper-
ature responses to the SC of several K, particularly in the
winter hemisphere of the upper mesosphere. Schmidt et
al. (2006) also found SC-like responses of order 3 K near
the mesopause from their 3-D model simulations, but weak-
ening to less than 1 K below 75 km. Such a rapid decline
toward lower altitudes is in reasonable accord with profiles
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of the SC-like response from HALOE for middle latitudes
(Fig. 14). There is also a decadal-scale, response inT (p) at
50–60 N in the upper stratosphere that is out-of-phase with
the solar forcing (see Table 1 and also Remsberg, 2007, his
Table 11). It is speculated that this character is an indirect ra-
diative and dynamical response to effects of the solar forcing
at adjacent altitudes and/or lower latitudes.

Schmidt et al. (2006) and Fomichev et al. (2007) find that
the cooling due to the increases in CO2 is somewhat larger
for the middle than the low latitudes of the upper meso-
sphere, but with some seasonal dependence – in qualitative
agreement with the annual average results from HALOE in
Fig. 16. Gruzdev and Brasseur (2005) used an interactive 2-D
model to investigate trends inT (p) due to increasing “green-
house gases”. Although their results were similar to those of
Schmidt et al. (2006) and Fomichev et al. (2007), they point
out that there can also be long-term changes inT (p) due to
the dynamics and the gravity wave activity that should be as-
sociated with the changes in the thermal structure due to the
concurrent radiative and chemical processes.

To summarize, 14-year time series of HALOE SR and SS
T (p) data have been analyzed for their seasonal, interannual,
SC-like, and trend terms from 60 S to 60 N and from 2 hPa to
0.007 hPa. The seasonal and annual mean terms have rea-
sonable amplitudes and phases and can be used to generate
a seasonal, zonal average climatology for a given latitude
zone. Two interannual terms (QBO-like and sub-biennial)
are prominent at most of the latitudes and pressure-altitudes.
Significant SC-like and trend terms were also found from the
analyses at many, but not all locations. The SC-like terms
are generally in-phase with the solar flux forcing and have
amplitudes in the tropics that agree with most model results.
There is an increasing SC-like response from low to mid-
dle latitudes of the upper mesosphere that is presumed to be
due to decadal-scale, dynamical processes that are also in-
phase with the solar forcing. The observed cooling trends
that have been resolved are in general agreement with those
from several radiative/dynamical models of the effects of the
increasing amounts of atmospheric CO2 in the mesosphere
and upper stratosphere at the low latitudes, although they are
larger than the model results at middle latitudes of the upper
mesosphere.
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