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ABSTRACT
The large temperature variability of nightly mean temperatures in 30 to 80 km
altitude range is investigated using 15 years of lidar data from the year 1998 to 2012
over a low latitude station Gadanki, India (13.5o N, 79.2o E). The monthly mean values
are compared with the coincident SABER temperature data obtained in a grid
encompassing latitudes 08–18°N and longitudes 74–84°E during years 2002-2012
(i.e., 11 years). The comparison between the lidar and SABER measurements reveals
a reasonable agreement with the standard deviation of the temperature difference
~1.5 K at 50 km and ~3 K at 70 km altitudes. To understand the physics of variability
noted in the temperature data, abest-fit analysis is used.This reveals the presence of
Semi-Annual Oscillation (SAO), Annual Oscillation (AO), Quasi-Biennial Oscillation
(QBO), El Niño Southern Oscillation (ENSO), Solar Cycle Influence, and a residual
secular trend. The residual trend shows a warming at 30-40 km altitudes and cooling
between 40 and 80 km. The underlying physics of these oscillations are explained
with the present knowledge of atmospheric forcings.
Keywords: Temperature, SAO, QBO, ENSO, Trends

INTRODUCTION
The Earth’s middle atmosphere is the coupling region between neutral-dominated
dynamics at lower altitudes and electromagnetic-dominated dynamics in the upper
atmosphere. While the behavior of the upper atmosphere is influenced by horizontal coupling
processes (e.g., space-weather processes) through the activity of the global dynamo, short
period variability of atomic and molecular species is mainly governed by vertical coupling
processes. Therefore, the role of thermodynamical state of middle atmosphere is vitally
important. Most of the wave and tidal motions generated in the lower atmosphere are
dissipated at middle atmospheric altitudes (e.g.,Fritts and Alexander, 2003), and the energy
deposited defines middle atmospheric behavior on time scales of minutes to hours.
Understanding the influence of short as well as the long time scale processes in the heat
budget are important for a better knowledge of the coupling processes between different
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atmospheric regions as well as for climate change issues (e.g.,Lastovicka et al., 2006;
Beig et al., 2011a, b). For timescales spanning longer periods, various atmospheric
parameters reveal the presence of oscillations having periods close to 6 months (i.e.,semiannual oscillation), 12 months (i.e., annual oscillation) and 24-26 months (i.e., quasi biennial
oscillation), including temperatures and wind velocities and even their variabilities. The role
of these long-timescale oscillations has been found to be prominent in driving the middle
atmospheric global circulations (e.g., Hamilton, 1998). Apart from these oscillations, effects
of solar energy together with the induced effects by El Niño-Southern Oscillation (ENSO) are
also expected to have important contributions to middle atmospheric dynamics (e.g., Baldwin
and O’Sullivan, 1994; Li et al., 2008).
When it comes to measurements, the characterization of these features in middle
atmospheric temperature data over low and equatorial latitudes is difficult owing to the lack
of suitable instruments. There are few reports from observations of airglow where altitude
profiles are not assessable suggesting the seasonal and long term variability (e.g.,Taylor et
al., 2005; Offermann et al., 2010; Taori et al., 2012a). For this reason, the prediction of middle
atmospheric weather and climate remains difficult. This scenario did change after the
development of ground based lidars (e.g.,Clemesha et al., 1999, She et al., 2000, Friedman
et al., 2003) and space-borne methods such as the Wind Imaging Interferometer (WINDII)
instrument onboard the Upper Atmospheric Research Satellite (UARS) and the Sounding of
the Atmosphere using Broadband Emission Radiometry (SABER) instrument on board the
Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite mission.
There is growing interest and urgency to understand the middle atmospheric temperature
climatology and long term secular trends from low and equatorial latitudes. In this regard,
there had been few notable reports by Hauchecorne et al. (1991), Golytsyn et al. (1996),
Batista et al. (2009), which describe the dominant oscillations in the mesosphere and also
suggest a cooling trend. There are also more recent reports from Gadanki (13.5o N, 79.2o E),
a low latitude station in Indian sector that use ~10 years of middle atmospheric temperature
data (Sridharan et al., 2009; Kishore et al., 2014) and investigate the dominant oscillation
characteristics including the trends in the middle atmospheric temperatures.
Most of the studies thus far are based on the known oscillation periods and estimate
the amplitude and phase of these dominant oscillations using regression analysis. However,
the natural oscillation periods need not be fixed from one cycle to another. Furthermore, in
ground based data irregular spacing of data poses a further challenge for estimating the
nature of the oscillations. In this regard, Crary and Forbes (1983) (for small duration data)
and Clarmann et al. (2010)(for long duration data) show that best-fit estimates provide more
reliable estimates compared to other methods. Based on the above, we have chosen to use
a longer time series data (15 years) in the present report and to reinvestigate the monthly
mean middle atmospheric temperature data from Gadanki to identify the dominant
oscillations including a residual trend.
DATA DESCRIPTION
The present study uses ground based Rayleigh lidar and space-borne SABER data.
The Rayleigh lidar data available from the year 1998 to 2012 are used. The SABER data are
utilized from the year 2002 to 2012 in order to validate the lidar data within a selected latitude
longitude grid. A brief description of these instruments is given in the following:
Rayleigh lidar
The lidar located at Gadanki (13.5 o N, 79.2o E) uses a Nd:YAG pulsed laser with
output at 532 nm (second harmonic) and ~550 mJ energy. It operates at a pulse repetition
rate of 50 Hz and a pulse width of 7 ns. The computation of the temperature profile from
backscattered echoes is done by the downward integration method, which presumes that the
atmosphere is an ideal gas in hydrostatic equilibrium. The integration is seeded by model
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temperature and pressure values at ~100 km. Details of the lidar system and the method of
temperature retrieval are discussed elsewhere (e.g.,Sivakumar et al., 2003). In the present
study, we use the monthly mean temperature profile for a detailed study of dominant
oscillations in the middle atmosphere. Though the normal altitude resolution for lidar
temperature measurements is 900 meters, we average the temperatures over 10 km bins to
identify the variability in the following ranges: 30-40km, 40-50km, 50-60km, 60-70km and 7080km altitudes. The resultant uncertainties after these averaging vary from 0.11 K(at 30-40
km, i.e., 35 km altitude) to 0.38 K (at 75 km altitude).
SABER data
The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instrument measures the limb radiance emitted from the terrestrial atmosphere in 10 selected
spectral bands ranging from 1.27 to 15 μm. SABER is deployed aboard the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite, which orbits the Earth’s
atmosphere at an inclination angle of 74o. The temperature values are retrieved from SABER
measurements of the atmospheric 15-μm CO2 limb emission. In the present study, we utilize
the SABER 1.07 data which have good temperature accuracy with error of the order ±1.4 K
in the lower stratosphere, ±1 K in the middle stratosphere and ±2 K in the upper stratosphere
and lower mesosphere (e.g., Remsberg et al., 2008). For a comparison with ground based
measurements, we gridded the SABER data with a 5o  5o latitude-longitude grid, resulting in
averaging the SABER data from 8o to 18o latitudes and 74o to 84olongitudes.Further, we have
taken SABER data corresponding to the nighttime (0600 PM to 0600 AM local time) for a
suitable comparison with ground based measurements. The location of ground based
measurement and the grid selected for SABER data are shown in Fig.1.

Fig. 1: The map depicting the location of Rayleigh lidar measurement and the grid selected
for the SABER data for a comparison.
RESULTS
Comparison of lidar data with SABER measurements
To validate the long term temperature measurements made by the ground based
Rayleigh lidar, we compare them with the SABER measurements available during the time
of lidar operation. The availability of the simultaneous data is shown in Fig.2. The red bars
show the number of nights when SABER data are available each month- with in the selected
latitude-longitude grid shown in Fig.1- during 2002–2012 for a comparison with the
measurements made by the ground based Rayleigh lidar (shown in the green bars). Earlier
reports have suggested good agreement between nightly mean lidar and SABER data up to
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an altitude range of 75-80 km (e.g.,Taori et al., 2012b, c), which is reemphasized in Fig.3
using a large sample consisting of ~15 years of data. The x-axis in Fig.3 plots the SABER
temperature while the y-axis plots the lidar temperatures averaged for 10 km altitude regions
as shown in the legend. One may note that highest temperatures are recorded in the 40-50
km altitude regions, indicating the stratopause, while, the upper mesospheric temperatures
are the lowest (70-80 km altitudes). Large scatter at upper mesospheric altitudes occur for
both lidar and SABER. In the case of the lidar, this may be due to two factors: 1. that the
backward integration gets progressively better as the integration goes on, and 2. that the
signal-to-noise of the lidar improves as it moves down in altitude (Taori et al., 2012c). SABER
temperatures also have greater spread at the higher altitudes, which may be the result of
poorer signal from a more diffuse atmosphere.

Fig. 2: Statistics of simultaneous measurements of ground base lidar and space borne
SABER. Note that the statistics is only for the nights when lidar measurements are made.

Fig. 3: Comparison of temperature estimates by lidar and SABER revealing a good
agreement between the two different methods.
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However, it is evident that there exists a near-linear relationship between the groundbased lidar and space-based, SABER measurements. The two dimensional map showing
the monthly mean temperatures is depicted in Fig.4. The top panel shows the lidar data while
the bottom panel plots the SABER monthly mean data for the selected grid. We note the
warm stratosphere and cold mesosphere persisting throughout the data. We also point out
oscillatory features with large amplitudes in the temperature data. Similar to earlier reports
based on nightly data (Taori et al., 2011, 2012b), a large database revealing an agreement
between lidar and SABER measurements reemphasizes the stability of these instruments
and thus their reliability to study the characteristic features in middle atmospheric temperature
fields over extended time periods. The histogram plotted in Fig.5 shows the total number of
clear nights since March 1998whose observations are included in the present analysis.

Fig. 4:The temperature variability noted in lidar (top panel) and SABER (bottom panel)
measurements. A good agreement in the measurements is noteworthy.

Fig. 5. The number of clear nights each month when lidar measurements could be made
and has been utilized in this report.
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Estimation of oscillation in the temperature variability
Earlier investigators (e.g., Batista et al., 2009; Kishore et al., 2014) have
demonstrated that the long term temperature data show dominant oscillations near 6 months
(Semi-Annual Oscillation), 12 months (Annual Oscillation), and ~24 months (Quasi Biennial
Oscillation), apart from the solar cycle influence (~11 year period), El Niño Southern
Oscillation (ENSO) and a residual secular trend. In the present investigation, we follow a
recursive best-fit estimate method to explain the data instead of forcing a fit of known
oscillation period to the data, and later we identify the best-fit oscillations with the known
ones. In the recursive fit, we carry out a best-fitting procedure for a single principal oscillation
in the temperatures after subtracting the mean (T - To) by using following equation and get
the residuals.
T – To = A Cos [2𝜋

𝑥−ø
]
𝜏

---(1)

Where T represents the temperature values, To is the mean value of time series, so that
T – To represents the temperature deviation data, and ‘A’ is the amplitude of a wave having
its period ‘τ’ and phase ‘ø’.Further, the best-fit curve (wave-1) is subtracted from the
temperature deviation data to obtain the residual (residual-1) data. Now the residual-1 data
is subjected to the best-fitting analysis using equation (1) and thereby a wave-2 curve is
obtained together with the residual-2 data. This process of getting different wave parameters
(i.e., wave-1, wave-2, etc.) is repeated while analyzing with the Student’s t-test (Press et al.,
1992). We stop the process when the t-test suggests the best-fitting confidence to be more
than 90%. This recursive best-fit analysis is performed on the temperature data averaged for
ranges of 30-40 km, 40-50 km, 50-60 km, 60-70 km, and 70-80 km.
As an example of the results of the above analysis, we observe that the 30-40 km
temperature variability is described by fitting 6 month, 12 month, 22 month, 26 month, 46
month, 65 month, and 130 month wave periods, with a residual trend showing temperature
increasing by ~0.71 K per decade. The sum of these best-fit results is shown in green colour
connecting lines in Fig.6a. The filled circles show the mean temperature deviations with error
bars representing the standard deviations in the monthly mean data, while the solid red lines
are the sum of best-fit estimates. It is evident that the temperature variability is well
represented by the fit.
The same exercise performed on 40-50 km mean temperature deviation data
suggests the presence of 6-month, 11-month, 12-month, 23-month, 26-month, 46-month, 66month, and 135-month wave periods, together with a residual linear trend suggesting a
cooling by ~0.81 K per decade in the data. The mean temperature deviation data
corresponding to 40-50 km altitudes together with the sum of these best-fit estimates are
shown in Fig.6b. In the case of the mean temperature deviation data corresponding to the
50-60 km altitudes, the best-fit analysis reveals wave periods of 6 months, 11 months, 12
months, 26 months, 46 months, 65 months, and 129 months to be the dominant, together
with a residual cooling trend of 1.02 K/decade. Fig.6c shows the sum of the best-fit periods
and trend corresponding to the 50-60 km altitudes together with the mean temperature
deviation data. The best-fit analysis corresponding to the 60-70 km altitudes reveals the
temperature variability to be represented by waves with periods of ~6 months, 11 months, 12
months, 24 months, 26 months, 33 months, 46 months, 66 months, and 133 months, with a
residual cooling trend of 1.16 K/decade. This is elaborated in Fig.6d, where the mean
temperature data is shown together with the sum of best-fit model. The 70-80 km mean
temperature deviation data suggested the variability to be explained by 6-month, 11-month,
12-month, 23-month, 26-month, 33-month, 46-month, 66-month, and 134-month oscillations,
together with a residual decreasing trend of ~1.59 K/decade which is shown in Fig.6e.
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Fig. 6: The mean temperature deviation data corresponding to 30-80 km altitudes binning
every 10 km, together with the best-fit model variability (red lines) obtained by adding the
periods obtained by the recursive best-fit analysis.
DISCUSSION
Identification of oscillations in the data
There several reports which characterize oscillations in the middle atmospheric
temperature fields (e.g., Batista et al., 2009; Kishore et al., 2014). In general a wave having
a period of 6 months is attributed to a semi-annual oscillation (SAO), a 12-month period is
associated with an annual oscillation (AO), while a period close to 2 years is denoted a quasibiennial oscillation (QBO). These reports have used a fixed period of oscillation which we
believe may not be the case in the real atmosphere as all these processes have their origins
in various wave processes such as gravity waves and planetary waves whose energy and
momentum may vary significantly from one year to the other. In the present report, periods
close to the 6 months are assumed to be associated with the SAO, 11 and 12 month periods
to be associated with AO, while periods of 22, 23, 24 and 26 months are considered
signatures of the QBO. Furthermore, the period close to 132 months has been attributed to
the solar cycle variation, as suggested by earlier investigators (e.g., Batista et al., 2009;
Kishore et al., 2014). Interesting to note is that apart from the periods noted earlier, there
exist oscillations having periods of ~33 months, ~46 months and ~65 months. In this regard,
there have been reports suggesting the effects of El-Nino Southern Oscillation (ENSO) on
the atmospheric parameters (Baldwin and O’Sullivan, 1994) and recently Kishore et al. (2014)
studied long term trends in middle atmospheric temperatures where they employed a 60month period as proxy for ENSO-induced variability. To verify whether these periods are
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related to the ENSO, we subjected the Southern Oscillation Index (SOI) for the years 1998–
2013 to Fourier analysis (Fig.7). It is noteworthy that SOI is dominated by short as well as
long period variability. Particularly, ~18 month, ~36 month, ~45 month and ~60 month periods
appears to be dominant in the ENSO variability. For the reason that best-fit analysis itself has
error in the period estimation of about 10%, we believe that periods close to 36, 45 and 60
months to be ENSO signature in the data. We avoid inclusion of 18 month period in the ENSO
signature because of its very close to the AO and QBO features and we are not sure whether
AO and QBO have their influences on ENSO or vice-versa. Using these periods we have
obtained the characteristic features of various oscillations reported in the following section.

Fig. 7: The variation of the southern oscillation index (a) together with the Fourier analysis
of the same (b) indicating the variability and the dominant oscillation periods.
Time evolution characteristics of various oscillations
Variations of the above estimated individual wave components for 30-40 km altitude
data are shown in Fig. 8 as green curves. After getting the best-fit estimates of each
oscillation, the oscillation of known periods was added together as explained in section 4.1.
By doing this, we get the time variation of various oscillation exhibiting the amplitude as well
as phase. We note that SAO and AO amplitudes are less than 0.5 K, while the maximum
amplitudes of QBO are ≤ 2 K. At this juncture it is important to state that the standard error in
the averaged temperature data at 30-40 km altitude is ~0.1 K, hence the estimated
amplitudes using the best-fit model are well above the uncertainties. That the non-linearities
in the SAO and AO amplitudes are not well pronounced may be due to the criteria of best-fit
used (section 3.2), which specifies that the oscillation amplitudes should be well above the
errors and that the confidence level should be more than 90% for suitable fitting. The nonlinearity in the QBO amplitude variations is an outcome of quasi-periodic behaviour of QBO
oscillation, which is caused by the presence of oscillations with periods close to 24 months,
as discussed above. The ENSO-induced oscillations are highly variable from one year to the
next, which is why we have considered the ENSO-induced variability to be a spectrum
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(multiple periods) instead of a specific period. Therefore, the amplitude and phase variation
of this component represents the non-linearity of the oscillations induced by ENSO. The
solar-induced oscillation shows its peak during the years 2003-2004 (peak to trough
difference ~0.96 K). The solar F10.7-cm flux (sfu) shows a variation of about 195 sfu
(maximum
273
in
year
2001
and
minimum
78
in
year
2008)
[source:http://www.spaceweather.ca/solarflux/sx-5-en.php]. Thus, the fitted data suggest a
change of ~0.5 K/100sfu. Also, there is a phase difference, as the peak in the temperature
variation at 30-40 km altitudes is found to fall during the years 2003-2004 (lagging solar flux
by 2-3 years) and troughs occur in the years 1999 and 2010.

Fig. 8: The time evolution characteristics of dominant oscillations in temperature deviation
data obtained by the recursive best-fit analysis in 30-80 km altitudes at each 10 km bin.
The best-fit components of various oscillations corresponding to the 40-50 km altitude
temperature variability are shown in Fig.8 as magenta curves. The SAO amplitudes are very
small (<0.2 K) while the annual oscillation shows nonlinear variation because of the presence
of periods close to 12 months, as discussed in the previous section. The QBO amplitudes
are found to be very small until the year 2004, while the ENSO-induced oscillations reveal
amplitudes of approximately 2 K. The solar oscillation suggests a peak near to the year 2002
with amplitudes ~1.3 K (peak to trough difference ~2.7 K) suggesting the solar response of
1.4 K/100sfu with peak in the solar component of temperature variability occurring in the year
2002.
In the case of 50-60 km (shown in Fig.8 as blue curves), the SAO amplitudes are
found to be ~1 K and AO showing the amplitudes ~2 K with nonlinear evolution
characteristics. The QBO signatures show amplitudes of ~2.5 K while the ENSO induced
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oscillation show two broad peaks with peak to trough difference ~4 K. The solar component
show a peak around the year 2001 with peak-to-trough (in the year 2008) to be 1.8 K resulting
in solar response of 0.92 K/100 sfu.
The temporal variation of various oscillations at 60-70 km altitudes is shown in Fig. 8
as red curves. The SAO amplitudes are found to be comparable with 50-60 km amplitudes
while the AO shows the amplitudes to be less than 2 K. The QBO amplitudes are significantly
higher (~3.5 K) than other altitudes. The ENSO induced variations show lesser peak to trough
variation than that for 50-60 km altitudes. The Solar induced variation for 50-60 km altitudes
shows peak-to-trough variation of ~0.7 K (i.e., 0.36 K/100sfu), which is less than half of the
solar induced variation noted at 50-60 km altitudes.
The temporal evolution characteristics of various oscillations at 70-80 km are shown
in Fig. 8 as black curves. Striking aspect of this plot is nonlinear evolution of AO, QBO and
ENSO induced oscillations. The QBO show maximum amplitude occurrence in the year 2011
while, the AO seems to have the largest peak in the year 2003. The ENSO-induced
oscillations clearly suggest the effects of multiple spectral components, which show up in the
data with maximum amplitudes occurring in the years 2001 and 2006. The solar-induced
oscillation shows a peak in the year 2002 and a minimum in the year 2008 with peak to trough
difference ~2.4 K. This indicates the solar response to be ~1.2 K/100sfu with the peak in the
fitted variation occurring in year 2002.

Fig. 9: The various oscillation removed temperature deviation data together with a linear fit
(red lines) exhibiting the residual trend together with zero trend line (green).
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The residual temperature deviations after removing these oscillations are shown in
Fig. 9. Plotted together with the residuals are the linear fits to the data as red lines. The green
lines show the zero level to emphasize the trend in the data. We find that the temperature
data show a cooling throughout the middle atmosphere except at 30-40 km, in the upper
stratosphere. At mesospheric altitudes, the temperatures are found to show a cooling trend
of 1.6 K/decade. One may argue that the obtained trend is very small, however, the
systematic behaviour evident in the residual data leads us to believe that these trends
represent long-term variations. The obtained characteristics of various oscillations and the
residual trend are given in Table-1. Certainly, it is possible that these data may have been
recorded during a secular cooling trend in the mesosphere, and that future observation will
show a reciprocal warming, resulting in a subdued trend, but until a significantly longer data
set is recorded this can not be inferred.
Table- 1: Summary of oscillation characteristics obtained through the recursive best fit
analysis of temperature data together with standard errors.

30-40 km
40-50 km
50-60 km
60-70 km
70-80 km

SAO
Amplitude Phase
(K)
(month)
0.2±0.03
5±0.1
0.2±0.03
7±0.2
1.0±0.04
8±0.3
0.6±0.02
9±0.3
0.6±0.03
5±0.4

AO
Amplitude Phase
(K)
(month)
1.2±0.04
5±0.3
2.5±0.05
7±0.2
1.7±0.04
5±0.3
1.0±0.03
6±0.4
1.1±0.04
5±0.4

QBO
Amplitude Phase
(K)
(month)
3.0±0.01
9±1.1
0.5±0.02
6±0.6
2.2±0.04
7±0.4
4.8±0.02
11±0.8
1.8±0.03
9±1.2

Solar Influence
Amplitude Phase
(K)
(month)
1.2±0.11
9±1.4
2.2±0.09
2±.03
1.8±0.12
5±0.4
0.8±0.23
10±2.1
2.1±0.33
12±1.8

Residual
Trend
o
K/decade
+0.71±0.1
-0.81±0.3
-1.02±0.2
-1.16±0.4
-1.59±0.6

In the above analysis, resultant best-fitted curve (sum of all fitted component) revel r2
value to be 0.8 suggesting that data has been well represented by the best-fitted model. The
r2 values vary from 0.7 to 0.9 for all the binned heights. For a comparison, we performed
regression analysis (with fixed period) (as elaborated by Sridharan et al., 2009 and Kishore
et al., 2014) at 60-70 km data which reveal the amplitudes of SAO, AO, QBO and Solar
components be 0.4 K, 0.8 K, 2.8 and 0.4 K respectively, with residual trend of -0.8 K per
decade with regression coefficient of 0.6. This comparison suggests the best-fit model to be
better than regression analysis.
Comparison with earlier findings
In this section we compare our results with a few notable studies worldwide that use
ground-based as well as space-borne measurements (e.g., Batista et al., 2009; Kishore et
al., 2014; Li et al., 2011, 2013; Remsberg et al., 2002) and report long-term observations of
middle-atmospheric temperature fields.
Among the oscillations noted in the data, most discussed in the literature are the SAO
and AO. The SAO and AO amplitudes reported by Leblanc (1998) in 35 - 80 km altitude
regions are 6 K and 8 K respectively. Using zonal mean space-borne data, Remsberg (2007)
reported the SAO, AO and QBO amplitudes at about 40 km to be 0.9 K, 2.6 K and 0.65 K.
Similarly, Dou et al. (2009) used both ground-based lidar and space-borne measurements
and reported the value of the SAO and AO to be about 1.5 K and 3 K at 20 – 80 km altitude
regions. Our results show the SAO amplitudes to vary from 0.2 K to 0.7 K in 30 to 70 km
altitude regions and AO amplitudes varying from 1-2 K, which agree well with these reports.
Recently, Kishore et al. (2014) reported the SAO and AO amplitudes varying from
0.5-2.5 K and 0.5 – 3 K, which are somewhat higher than our results and could be because:
a) we have not forced the ‘known’ oscillation as was done in their regression analysis, and b)
the nonlinear component of SAO and AO could not be determined in the present analysis
owing to a small amplitude below the confidence level in fitting.
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Further, from Indian latitudes, Praveen Kumar and Mohankumar (1999) reported the
QBO amplitudes to be ~4 K, which agrees with the present finding. However, the QBO
amplitudes noted by Sridharan et al. (2009) and Kishore et al. (2014) at ~65-70 km altitudes
vary from 0.5 – 2.5 K, which is somewhat lower than our results.
Batista et al. (2009) reported that at their semi-tropical southern latitude site in Brazil,
SAO amplitudes vary from 0.25 (at ~42 km altitudes) to ~2 K (at ~60 km altitudes), while the
AO amplitudes to vary from ~1.2 K (at ~55 km altitudes) to ~4 K (at ~40 km and 62 km
altitudes), which compare well with our measurements.
It is important to state here that all of these studies have forced the ‘known’ wave
periods of oscillations on the variability, while we believe that there may be variation in the
observed periods of various oscillations. We emphasise that the variability noted in the data
is a combined effect of various oscillations, and instead of forcing particular periods, using
the best-fit estimates allowing the periods to vary may provide better estimates of
atmospheric variability. In adopting this method, we note that there are some differences from
the earlier investigations. This aspect is supported by the representation of ENSO-induced
variations in the temperature data, where the SOI (southern oscillation index) variability
shows good resemblance with the fitted data (sum of different wave periods). In earlier reports
by Sridharan et al. (2009) and Kishore et al. (2014), the ENSO oscillation was considered to
be ~60 month period. They found ENSO-induced oscillation amplitudes to be ~1-2 K with
large variation in the phase. In the present study, we find that ENSO-induced oscillation
amplitudes are ~1- 4 K with high variability in phase from one year to the next.
As far as the solar cycle response is concerned, in our study, the solar response is
found to vary from 0.5 K to 1.2 K/100sfu. At about 80 km altitude, Remsberg (2009) reported
the amplitude to be ~2 K per 100 sfu, while, Beig et al. (2011) show this to be ~1.5 K per 100
sfu. In a report based on ground based lidar data, Li et al. (2011) show the solar response to
vary from 0.5 – 1.8 K/sfu over Hawai (19.5o N) which agrees well with our results.
After removing these responses, the residual linear trend is important as this reveals
the secular changes that hold relevance to climate change issues, as emphasized by earlier
investigators (e.g., Lastovicka et al., 2006). We note that the residual temperatures in the
altitude range 40-50 km, 50-60 km, 60-70 km, and 70-80 km reveal cooling at rates of 1.6 K,
2.2 K, 2.5 K and 2.8 K per decade. In this regard, the available reports suggest large
differences. For example, using similar methods, Hauchecorne et al. (1991) report data from
44o N suggesting temperatures at 60-70 km altitude decrease by 0.4 K per decade between
1978 and 1989. Another report by Golitsyn et al. (1996) based on data from mid latitudes in
Russia reported a decrease in the temperatures at ~80 km at a rate of 5 K per decade. A
recent report by Funatsu et al. (2008) from 44o N suggests that temperatures at 30-40 km
altitudes decrease from 2.5 – 4 K per decade. In another report, She et al. (2009) showed
the temperatures at 85 – 100 km to decrease by 1.5 K per decade. An earlier report using 10
year lidar data from of Gadanki showed the cooling trend to be ~0.12 K/year in the lower
stratospheric altitudes (35–42km) and ~0.2 K/year at 55–60 km altitudes (Sridharan et al.,
2009) which is somewhat lower than the one observed in present investigation. From similar
latitudes in the South American sector, Batista et al. (2009) reported the cooling trend to be
in ~1.1 to ~2.3 K per decade. Most of these reports have been summarized by Beiget al.
(2011a). In a recent report, based on lidar data for more than one solar cycle, Kishore et al.
(2014) suggest the trends to be ~2.2 K per decade. Our report, therefore, is within the range
of trend reported by Batista et al. (2009) and Kishore et al. (2014). Such cooling is believed
to be associated with the increasing CO2 in the atmosphere, which is an important
greenhouse gas emitted by human activities, such as fossil fuel burning (e.g., Lastovicka,
2006).
It should be noted that such findings have already been addressed by other
investigators. What makes the present investigation different from the others is that we do
not force ‘known’ periods of oscillation on the data in order to characterize the various
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oscillations. We show that best-fit calculations without apriori knowledge of oscillation
frequencies can be utilized to determine various modes of atmospheric oscillations. In
closing, we emphasize that our efforts to build a suitable long term database to address the
important issues such as solar cycle variation and effects of anthropogenic changes on the
earth’s upper atmosphere are continuing, and these will be made available to the community
for suitable use.
CONCLUSIONS
The 15 years middle atmospheric temperature data from Gadanki (13.5o N, 79.2o E) lead
us to the following conclusions:
1. Amplitudes of SAO, AO, QBO, and ENSO are in the range of 0.2-0.7 K, 1-2 K, 2-4 K
and 1.5-3.5 K respectively.
2. The data suggest the solar cycle effects to be ~0.5 K - 1.4 K per 100 solar flux units.
3. The data reveal warming trend in stratosphere (0.71 K/ decade at 30-40 km altitudes)
and cooling trend in the mesosphere with temperatures at 60-70 km and 70-80 km
altitude regions cooling at a rate of 1.16 K and 1.59 K per decade.
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