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The middle atmosphere temperature trend and solar cycle have been studied with long-term ground-based and
satellite datasets and/or model simulations. Single satellite observations for middle atmosphere temperature are
not long enough (less than 2 solar cycles) to derive long-term trend and solar cycle effects with great confidence.
Using a nearly 30-year dataset merged from the Halogen Occultation Experiment (HALOE) observations between
1991 and 2005 and the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) observa-
tions between 2002 and 2019, we study the long-term trend and solar cycle in the middle atmosphere tem-
perature between 45°S and 45°N. The cooling trend is significant below 75 km with a maximum value of ~ -1.2
K/decade near 60-70 km in the southern hemisphere (SH) tropical and subtropical region. The SH cooling trend
is larger than its counterpart in the northern hemisphere (NH). The trend derived from the SABER only dataset is
~1.5 times smaller than that derived from the merged dataset, which is consistent with the upper stratospheric
ozone recovery after 1995. The positive temperature response to the 11-year solar cycle is ~1 K/100 solar flux
units (sfu) in the upper stratosphere and lower mesosphere and increase to more than 2 K/100 sfu in the upper
mesosphere of the middle latitudes. The temperature responses show clear hemispheric asymmetry with stronger
responses below 70 km but weaker above in the SH than those in the NH. This is likely related to hemispheric
asymmetry of wave activities induced by indirect solar radiation.

1. Introduction variability of a few K/decade in the derived middle atmosphere tem-

perature trend (Beig et al., 2003).

Global climate change in the middle atmosphere is largely controlled
by increasing greenhouse gases, e.g. CO2, CHy etc. due to human ac-
tivities (Beig et al., 2003) and natural variability due to the 11-year solar
cycle. The increases of greenhouse gases, especially CO; in the atmo-
sphere cause not only global warming in the troposphere, but also global
cooling in the middle atmosphere (Roble and Dickinson, 1989). The
ozone depletion in the lower stratosphere may also contribute to middle
atmosphere cooling (Ramaswamy et al., 2001). Early ground-based lidar
observations suggest significant cooling as large as -2-3 K/decade at
middle latitudes, and as small as —0.5 K/decade in the subtropics in the
stratosphere and mesosphere (Keckhut et al., 2001; Li et al., 2011).
Satellite observations also reveal a cooling trend of 0.5-1.5 K/decade in
the middle and upper stratosphere (Randel et al., 2009). The different
types of observations and observational periods could lead to large
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The long-term observational temperature datasets are extremely
valuable for studying the long-term temperature trend and temperature
response to the 11-year solar cycle. However, without properly and
completely separating the solar cycle signal, the derived middle atmo-
sphere temperature trend could be significantly biased (Beig, 2011a). As
such, a long-term dataset covering at least 2 solar cycles is necessary to
minimize the effect of decade variability on the trend. Using 14-year
observations of middle atmosphere temperature by the Halogen Occul-
tation Experiment (HALOE) onboard the Upper Atmosphere Research
Satellite (UARS), Remsberg (2009) found clear negative temperature
trends and positive temperature responses to 11-year solar cycle in the
upper stratosphere and mesosphere between 40°S and 40°N. A recent
model simulation of the middle atmosphere trend with the Whole At-
mosphere Community Climate Model (WACCM) suggest good
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agreement with the observations of the Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) instrument onboard the
Thermosphere Ionosphere and Mesosphere Electric Dynamics (TIMED)
satellite (Garcia et al., 2019). (Gan et al. (2017)) also found that zonal
mean temperature responses to the 11-year solar cycle agree well be-
tween SABER observation and the Canadian Middle Atmosphere Model
simulation.

Both HALOE and SABER observations alone are not long enough (less
than 2 solar cycles) to derive either the trend or solar cycle with great
confidence. Fortunately, these two satellite observations have an over-
lap period between 2002 and 2005, which allows us to merge 2 datasets
to form a nearly 30-year global middle atmosphere temperature dataset.
In this paper, we use this merged dataset to derive the middle atmo-
sphere temperature trend and temperature responses to the 11-year
solar cycle from 45°S to 45°N. The data merge and multivariate linear
regression analysis methods are described in section 2. Section 3 pre-
sents the results of the derived temperature trend and Section 3 presents
solar cycle results, followed by a brief summary in section 5.

2. Data merge and analysis method

The HALOE instrument onboard the UARS satellite (Russell et al.,
1993) has used solar occultation to measure the transmission of the CO5
2.8 pm band during sunset (SS) and sunrise (SR) that are ~10-14 local
hours apart and retrieve the vertical profiles of middle atmosphere
temperature from October 1991 until November 2005. The observations
were mostly made between 50°S and 50°N with missing data near
40°-50° in the summer hemisphere (Remsberg, 2008). We use the
version 19 HALOE temperature dataset available at http://haloe.gats
-inc.com/. The vertical resolution of the temperature profile is ~4 km
and the typical measurement uncertainties are ~5 K below 80 km
(Hervig et al., 1996). We first rebin all profiles to form a standard grid
between 40 and 80 km with a 2 km interval and from 45°S to 45°N with
a 5° latitude bin, and then calculate monthly mean profiles by averaging
all available profiles within that month for SS and SR. The monthly
means of SS and SR are then averaged to largely reduce diurnal tidal
effects on the means and finally form a monthly mean time series for
HALOE. The average of SS and SR cannot remove the semidiurnal tide
effect. If only a SS or SR monthly mean is available for that month, an
offset of <2 K computed from the average difference between SS and SR
over the whole period is adjusted.

The SABER onboard the TIMED satellite (Russell et al., 1999) has
measured middle atmosphere temperature using limb sounding of CO,
15 pm infrared emission since January 2002. We use the version 2.0
SABER temperature datasets between 2002 and 2019 available at
http://saber.gats-inc.com/. The TIMED satellite is in a near
sun-synchronize orbit and has ~15 orbits a day with ~10-h difference
between descending and ascending nodes. It also takes ~60 days to
cover nearly 22hr local time observations. We note here that the SABER
emission measurements yield many more data points than HALOE solar
occultation measurements. The uncertainty for the SABER temperature
measurements is less than 2K between the stratosphere and middle
mesosphere with ~2 km vertical resolution. (Remsberg et al., 2008). We
first obtain the daily mean temperature for both ascending and
descending measurements in the same latitude and altitude bins as
HALOE. To remove monthly mean diurnal tide effects, we average all
available daily mean SABER profiles within a 2-month window forward
sliding for 1 month to form monthly mean time series. Note that due to
the samplings of the two datasets, semidiurnal tides are largely removed
from the SABER monthly means, while remain in the HALOE monthly
means. This could cause a bias in HALOE temperature trend if semi-
diurnal tides have long term changes.

To merge the two datasets of monthly mean time series, we adopt the
simple mean method similar to that was used by Froidevaux et al.
(2015), as M(i) =0.5(Y1 (i) + Y2(i)), Where i is individual month, and M,
Y; and Y, represents merged HALOE and SABER data points
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respectively. Prior to the merge process, the whole HALOE and SABER
data points at each latitude and altitude are offset with half of averaged
differences between the two time series within the overlap period
2002-2005. Fig. 1 shows these averaged differences with SABER data
points minus HALOE data points. We clearly see that the SABER monthly
mean temperatures are generally 1-3K lower than HALOE temperatures
below ~66 km, but 2-4K higher above. This is likely due to different
sample and retrieval methods. Fig. 2 shows the monthly mean time se-
ries of HALOE (blue), SABER (red), and merged (black) at 40°N and 78
km during (a) 2002-2005 overlap period and (b) 1991-2019. It is clear
that the SABER observed temperatures at this altitude and latitude are
higher than HALOE temperatures (Fig. 2a). The time series in Fig. 2b
shows a clear annual variation and cooling trend during the whole
period.

To derive the linear trend and solar cycle from the merged dataset,
we first remove the seasonal cycles by subtracting the composite
monthly mean from the individual monthly mean at each altitude and
latitude, and then apply a multivariate linear regression (MLR) analysis
on the deseasonalized anomalies with a linear trend term, 11-year solar
cycle (F10.7 cm solar flux), El Nino-Southern Oscillation (N3.4 index),
Quasi-Biennial Oscillation (two orthogonal time series derived from
equatorial stratospheric zonal winds), and stratospheric aerosol optical
depth representing the impact of volcanic eruption. The MLR analysis
method has been discussed in detail in Li et al. (2008; 2013). The 95%
confidence level for each coefficient is estimated from the fitting un-
certainty to be ~1.960 (o is the standard deviation). Fig. 3 shows the
deseasonalized time series (black stars) at 40°N and 78 km, and its
corresponding MLR fitting curve (blue line). The MLR fitting curve
agrees well with the deseasonalized time series, and the peaks near
1992, 2002, and 2014 suggest that the solar cycle dominates the
long-term variation. The Pinatubo volcanic eruption in 1991 can also
cause mesosphere warming and extend to more than 2 years (She et al.,
2015), which may impact the trend and solar cycle fitting. As such, we
tested the MLR fitting without the index for stratospheric aerosol optical
depth but removing 1991-1993 data, and the results of trend and solar
cycle do not significantly change (not shown).

3. Temperature trend

Fig. 4 shows the temperature trend at 40-80 km from 45°S to 45°N
derived from the HALOE and SABER merged dataset. A significant
middle atmosphere cooling trend is seen throughout the region with
maximum value of ~ -1.2 K/decade near 60-70 km in the tropical and
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Fig. 1. Averaged differences between HALOE and SABER (SABER-HALOE)
within the overlap period (2002-2005). The red color represents a positive
value, while the blue color represents a negative value.
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Fig. 2. Monthly mean time series of HALOE (blue), SABER (red), and merged (black) at 40N and 78 km during the 2002-2005 overlap period (a) and whole

period (b).
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Fig. 4. Long-term temperature trend at 40-80 km from 45S to 45N derived
from the merged dataset. The blue color areas represent a negative trend with
contour line intervals of 0.3 K/decade. The grey areas represent the significant
level below 95%.
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subtropical region of Southern Hemisphere (SH). The SH cooling trend is
clearly stronger than its counterpart in the Northern Hemisphere (NH).
Using long-term ozone datasets observed by satellites and ozonesondes
between 1997 and 2005, (Randel et al. (2007)) found that the annual
mean ozone column showing decreasing trends in the SH are much
larger than those in the NH. A recent Whole Atmosphere Community
Climate Model (WACCM) suggest that the ozone depletion could cause a
significant cooling trend in the upper stratosphere and lower meso-
sphere (Garcia et al., 2019). This suggests that large ozone decreasing
trends in the SH may cause a larger middle atmosphere temperature
cooling trends in the SH than those in the NH. We also note here that the
cooling trend on the altitude levels in the middle atmosphere, especially
in the mesosphere, can also be contributed by the atmosphere contrac-
tion (Akmaev et al., 2006). This effect can be ignored if the trend is
measured on the pressure levels (Garcia et al., 2019).

Fig. 5 shows the differences of temperature trends derived from the
merged and SABER only datasets. The cooling trends derived from the
merged dataset between 1991 and 2018 are clearly 0.2-0.6 K/decade
larger than those derived from the SABER only dataset between 2002
and 2018. This is consistent with the slightly increase of upper strato-
sphere ozone density after 1995 derived from long-term ozone lidar
observations (Steinbrecht et al., 2009), which could decrease the tem-
perature cooling trend in the middle atmosphere. The lidar observations
in the Observatoire de Haute Provence, France revealed a much smaller
cooling trend in the middle atmosphere after 1995 than that before 1995
(Li et al., 2011). The WACCM simulation suggests that the global aver-
aged middle atmosphere trends are much smaller (within -1K/decade)
and more uniform after 1997 than those before 1997 (~-1.5 K/decade
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Fig. 5. Trend differences between merged and SABER only datasets. The blue
color areas represent larger cooling trend derived from the merged dataset than
that from SABER only. The grey areas represent the significant level below 95%.

near the stratopause) (Garcia et al., 2019). Therefore, we expect that the
cooling trend derived from the merged dataset should be larger than that
derived from the SABER only dataset.

To compare with long-term lidar observations, we list in Table 1 the
trend comparison between merged satellite results with 1o standard
deviation and lidar results (inside the brackets) published in Li et al.
(2011) and Kishore et al. (2014). These long-term (usually 10-30 years)
lidar observational results are adapted from Li et al. (2011) for three NH
sites at the Mauna Loa Observatory, Hawaii (MLO, 19.5°N), the
Table Mountain Facility, California (TMF, 34.4°N), the Observatoire de
Haute Provence, France (OHP, 43.9°N), and from Kishore et al. (2014)
for one tropical site at Gadanki, India (GAD, 13.5°N) and two SH sub-
tropical sites at Reunion Island (REU, 20.8°S) and Sao José dos Campos,
Brazil (SJO, 23.2°S). The comparison shows qualitatively good agree-
ment (~-1K/decade) between satellite and lidars. Some large discrep-
ancies are usually seen in the mesosphere where lidar signal-to-noise
ratios are much lower. We also note that the differences at the TMF lidar
site can be as large as 3 times the mean throughout the altitude region.
These differences between satellite and lidars could be due to different
sampling rates and analysis methods, observational period etc. Since
lidar observations are made for only a few hours per night and several
nights per month, the monthly mean value will not be able to eliminate
the tidal and planetary waves effect. Merged satellite datasets on the

Table 1
The trend comparison between merged satellite dataset results with 1o standard
deviation and lidar results (inside the brackets). The unit is K/decade.

Alt 25°S 20°S 15°N 20°N 35°N 45°N
(km) (sJo, (REU, (GAD, (MLO, (TMEF, (OHP,
23.2°S) 20.8°S) 13.5°N) 19.5°N) 34.4°N) 44°N)
40 -1.0 £ -09 + -1.0 £ -1.0 £ —-0.9 + -1.0 £
0.1 0.1 0.1 0.1 0.1 0.2
(-0.3) (-2.0) (-1.8) (-0.7) (-2.5) (-2.0)
50 -09 + -0.7 £ -0.8 + -0.8 + -0.7 -0.6 +
0.1 0.1 0.1 0.1 0.1 0.2
(-1.3) (-1.5) (-0.7) (-0.6) (-3.0) (-1.5)
60 -1.0 £ -1.0 + -1.2+ -1.3+ 09+ -0.8 +
0.1 0.1 0.1 0.1 0.2 0.2
(-0.4) (-0.6) (-2.2) (-0.8) (—4.5) (-0.8)
70 -0.5 + -1.2+ -0.8 +
0.2 (1.3) 0.2 0.2
(-4.0) (=0.7)
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other hand average both nighttime and daytime data to eliminate the
tidal and planetary effects. The long-term tidal variability can then
impact the derived trend in lidar results.

4. Temperature response to 11-year solar cycle

Fig. 6 shows temperature responses to the 11-year solar cycle at
40-80 km from 45S to 45N derived from the merged dataset. The solid
lines represent positive responses with the red color region representing
the 95% significant level. The middle atmosphere shows a clear positive
temperature response to the solar cycle between 45°S and 45°N over
virtually the entire altitude range. The significant responses clearly in-
crease in altitude from ~0.3 K/100 solar flux units (sfu) in the upper
stratosphere to 1.5-2K/100 sfu in the upper mesosphere, with a
maximum value of ~2.4 K/100 sfu near 80 km in the middle altitudes of
both Hemispheres. The temperature responses show clear hemispheric
asymmetry with stronger responses below 70 km but weaker above in
the SH than those in the NH. This hemispheric asymmetry is likely
related to hemispheric asymmetry of indirect solar effects on wave ac-
tivities (Remsberg, 2009; Beig, 2011b).

Fig. 7 shows the differences of temperature responses to the solar
cycle derived from the merged dataset and SABER only dataset. It is
clear that the temperature responses derived from the merged dataset
are smaller than those derived from SABER only at most of altitudes and
latitudes. The differences is ~0.2 K/100 sfu in the upper stratosphere
and increase to more than 1.0 K/100 sfu in the upper mesosphere,
suggesting a significantly decrease of temperature response derived
from the merged dataset covering 2.5 solar cycles than that derived from
the dataset covering nearly 1.5 cycles. There are other long-term natural
variations in temperature. The longer time series yields a more accurate
fitting of the solar cycle response. Similar to the trend, we show in
Table 2 the comparison between merged satellite results and lidar re-
sults published in Li et al. (2011) and Kishore et al. (2014). Most ob-
servations show positive temperature responses to the 11-year solar
cycle, except lidar results at SJO for all altitudes and REU near the
stratopause. The comparisons show reasonable agreement between
merged satellite results and lidar results.

5. Summary

We developed the longest global middle atmosphere temperature
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Fig. 6. Same as Fig. 4, but for solar cycle. The red color areas represent a
positive solar cycle response with contour line interval of 0.3 K/100 sfu.
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Fig. 7. Same as Fig. 5, but for solar cycle. The blue color areas represent a
smaller temperature response to solar cycle derived from the merged dataset
than that from SABER only.

Table 2
Same as Table 1 but for solar cycle. The unit is K/100 sfu.
Alt 25°S 20°S 15°N 20°N 35°N 45°N
(km)  (SJO, (REU, (GAD, (MLO, (TMF, (OHP,
23.2°S) 20.8°S) 13.5°N) 19.5°N) 34.4°N) 44°N)
40 0.2 + 05+0.2 0.3+0.2 0.3 +0.2 0.3+0.2 0.7 £
0.2 ) 1.4) (0.8) 0) 0.3
(-0.5) (-0.4)
50 0.9 + 0.7+0.2 0.5+ 0.2 0.8 +0.2 0.6 + 0.2 0.8 +
0.2 (-0.2) 0.7) 0.4) (0.2) 0.3
(=0.5) (0.8)
60 0.7 + 0.8+0.2 1.2+ 0.2 0.8 +0.2 0.6 + 0.3 1.1+
0.2 (0) (1.0) (0.8) (0.8) (0.8) 0.4
(1.8)
70 1.6 + 0.4 1.3+04 09+04 0.3+
(] (0.6) 2.1) 0.4
(0.5)

dataset available by merging two satellite datasets observed by HALOE
between 1991 and 2005 and SABER between 2002 and 2018. Using this
merged dataset and multivariate linear regression analysis, we derive
the middle atmosphere temperature trend and temperature response to
the 11-year solar cycle from 45S to 45N between 40 and 80 km. The
temperature cooling trend is significant throughout the region with a
maximum cooling of —1.2 K/decade near 60-70 km in the SH tropical
and subtropical region. The derived middle atmosphere cooling trends
are in good agreement with those derived from various ground-based
long-term lidar observations and model simulations. The cooling
trends derived from the merged dataset between 1991 and 2018 are
0.2-0.6 K/decade larger than those derived from the SABER only dataset
between 2002 and 2018, consistent with the slight increase of upper
stratosphere ozone density after 1995.

The positive temperature responses to the 11-year solar cycle are
significant between 45S and 45N in most altitude regions. The responses
clearly increase in altitude from ~0.3 K/100 sfu in the upper strato-
sphere to 1.5-2K/100 sfu in the upper mesosphere, reaching a maximum
value of ~2.4 K/100 sfu near 80 km in the middle altitudes of both
Hemispheres. Temperature responses derived from the merged dataset
are smaller than those derived from the SABER dataset only at most of
altitudes and latitudes. Our merged, nearly 30-year, global satellite-
observed dataset analysis yields reliable results showing middle
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atmosphere trends and temperature responses to the 11-year solar cycle
and they provide constraints for future model simulations of global
climate change.
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