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Evaluation of Inter-Hemispheric Characteristics of the

Tropopause—Stratopause—Mesopause Over Sub-Tropical Regions

Som SHARMA,'

Abstract—The transition regions in thermal structure
viz. Tropopause, stratopause and mesopause play a vital
role in the vertical coupling of the Earth’s atmosphere.
For the first time, inter-hemispheric characteristics of the
transition regions over two subtropical regions are studied
using temperature observations from the SABER onboard
TIMED satellite and the ERA Interim reanalysis during
year 2002 to 2015. Results show that tropopause height is
higher over Reunion Island (21.11°S, 55.53°E) in the
Southern Hemisphere (SH) as compared to Mt. Abu
region (24.59°N, 72.70°E) in the Northern Hemisphere
(NH). Temporal variation of tropopause temperature
reveals a decreasing (~ 4 K) trend from year 2002 to
2008 and beyond this, an increasing (~ 1.5 K) trend is
found in tropopause temperature. These features are
reinforcing for Mesopause as compared to tropopause
tem-perature. The SH shows stronger variations in
Mesopause temperature (~ 7 K) compared to NH during
year 2002 to 2008. The occurrence frequency of
mesopause and stratopause height shows that the
maximum occurrence frequency (~ 60%) of mesopause
at ~ 100 km in NH, while frequency is found to be ~
55% in the SH. Results show that stratopause
(mesopause) is cooler (warmer) in NH as compared SH.
Moreover, Lomb Scargle Periodogram and wavelet
transform techniques are used to inves-tigate the
periodicity of mesopause, stratopause and tropopause
temperatures and heights. Investigations revealed
prominent annual oscillations in the tropopause and
stratopause temperatures in both hemispheres. These
findings will be of immense use for the vertical and inter-
hemispheric atmospheric coupling studies.

! Physical Research Laboratory, Ahmedabad 380009, India.

E-mail: somkumar @prl.res.in; sharmasomkumar @gmail.com
2 Space Applications Center (ISRO), Ahmedabad 380015,
India.
3
India.
4 Laboratory of the Atmosphere and Cyclones (LACY),
University of Réunion Island, Reunion, France.

Department of Physics, Saurashtra University, Rajkot,

PRASHANT KUMAR,2 RAJESH VAISHNAV,! CHINTAN JETHVA,I’3 and HassaN BENCHERIF

4

1. Introduction

The Earth’s atmosphere is classified in terms of
regions, making up the vertical structure of the tem-
perature field. These regions are termed the
troposphere, stratosphere, mesosphere and thermo-
sphere, while the boundaries between them are called
the tropopause (about ~ 16 km at low-lati-
tudes, ~ 12 km at mid-latitudes and ~ 8 km at
high-latitudes), stratopause (~ 48 km) and meso-
pause (~ 85 km), respectively. The tropopause is the
boundary between convective (turbulent) and non-
convective (stable) regions, stratopause is joining
stable to turbulent region and Mesopause is a tran-
siion region between the homosphere and
heterosphere. Coupling between different regions of
the atmosphere is very important to study as each and
every region is intricately coupled with different
regions, and this coupling is very complex (Gettel-
man and Forster 2002).

The tropopause, stratopause and mesopause play a
vital role in the vertical coupling of the Earth’s
atmosphere. Height and temperature of these pauses
is crucial in investigation of various processes taking
place in the atmosphere (Sharma et al. 2006, 2012).
Atmospheric waves that propagate upward are
working as a coupler in different atmospheric regions
by interacting with mean flow. Dunkerton (1997)
showed that the tropical Quasi-Biennial Oscillation
(QBO) is determined by joint forcing of gravity
waves, Kelvin waves and by mixed Rossby-gravity
waves. Planetary waves (PW) are very crucial in
deciding dynamical state of the atmosphere. In the
Northern hemisphere (NH) winter, PW are influenced
by air flowing over the mountain ridges and over
continental land masses. PW propagates upwards and
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are affecting stratosphere, mesosphere and/or may
break in these regions (e.g., McIntyre and Palmer
1983). In contrast to the NH, Southern Hemisphere
(SH) is having lesser land mass and relatively less
number of mountain ranges. Therefore, PW are
weaker in SH, and hence weakly modulating strato-
sphere—mesosphere system than in the NH;
consequently southern polar vortex is relatively dor-
mant (Thompson et al. 2002).

The tropopause is a changeover region between
the convectively dominated troposphere and the
radiatively controlled stratosphere (Gettelman and
Forster 2002). Recently, the tropopause layer has
received large attention due to stratospheric—tropo-
spheric exchange of mass, water and chemical
constituents between the two layers (Hoinka 1998).
Randel et al. (2004) studied the interannual variations
of stratospheric water vapor and its correlations with
tropical tropopause temperatures over 1992-2003
using Halogen Occultation Experiment (HALOE)
satellite measurements. Authors reported that QBO
and El Nino Southern Oscillations (ENSQO) have their
influence on tropopause temperature. Hoinka (1998)
studied global statistics of tropopause height, tem-
perature, potential temperature, mixing ratio of water
vapor, and zonal, meridional and vertical wind
parameters for 15 years period (1979-93) derived
from European Center for Medium range Weather
Forecasting (ECMWF) reanalysis Interim (ERA-In-
terim) data by applying the thermal and dynamical
definitions of the tropopause.

Tropopause height and its temperature play an
important role in the transport between the strato-
sphere and the troposphere. It is crucial to properly
quantify the transport between the tropical, sub-
tropical, middle-latitude and over the Polar Regions
which are having different processes and constituent
characteristics. Danielsen (1968) studied upper tro-
pospheric fronts and associated tropopause folds.
Furthermore, different synoptic events, which are
varying widely, and control the processes associated
with irreversible transport, need further investiga-
tions. These are having influence on various
processes such as wave transience, turbulence and
convective transport (Sharma et al. 2012).

The stratospheric—tropospheric interactions and
exchanges have been studied extensively in last

decades (Appenzeller and Davies 1992; Baray et al.
1999; Meloen 2003; Hocking et al. 2007; Das 2009,
Skerlak et al. 2014 and reference therein). Holton
et al. (1995) presented a very exhaustive review on
the features of dynamical, chemical and radiative
coupling in the troposphere and stratosphere. Over
the mid latitude regions, various studies were carried
out on stratosphere—troposphere interactions and
exchanges processes (e.g., Narayana Rao et al. 2008
and references therein). The tropical upwelling is an
important feature of stratosphere—troposphere cou-
pling as air enters the stratosphere primarily in the
tropics. Tropical and sub-tropical tropopause and the
chemical composition of air in these height ranges lay
down the boundary condition for the global strato-
spheric composition. The stratospheric circulation is
also significantly influenced by the tropical upwelling
(Rosenlof 1995), and it can be inferred from the
interpretations of minor constituents (Hall and
Waugh 1997; Niwano et al. 2003 and references
therein). During NH winter the tropical upwelling
imposes comparatively larger yearly cycle in the
lower stratosphere and is seen in form of a large
annual cycle in the temperature of the tropopause
region, which further influences seasonal cycle of
stratospheric water vapour (e.g., Mote et al. 1996).
Seasonality in the tropical upwelling could also result
in stratospheric forcing induced by PW. The maxi-
mum forcing was found during September to
November in the SH and during November to March
in the NH (e.g., Yulaeva et al. 1994). Tropopause
features have been studied extensively over the globe
as it is rather easy to explore troposphere using
ground-based instruments viz., MST radars, Lidars,
Balloons, etc. Exploration of stratopause region is
rather difficult from ground-based observations as
balloons are limited by height coverage and MST
radars are blind in this region and Rockets are limited
to coastal coverage and are very sparse. From ground,
Rayleigh lidars are very good but these are also
limited to night-time clear weather condition obser-
vations. Space-borne instruments are able to provide
global observations in these altitudes regions.
Stratosphere is one the important regions of the
Earth’s atmosphere and having very weak and/or no
turbulence due to stable temperature structure.
Ramaswamy et al. (2001) studied temperature trends



in the stratosphere using lidar and rocket observations
and showed the upper stratosphere is cooling at the
rate of ~ 1-2 K/decade and they further reported
that the largest cooling of ~ 3 K/decade occurred in
the stratopause region. His finding paves the path to
further explore and understand the processes that
modulate stratopause region and to quantify vari-
abilities associated with it. Stratopause is variable
latitudinally and seasonally due to different physical
processes. Tropical and sub-tropical latitude regions
receive maximum energy from the Sun. Due to
absorption of shortwave radiations by ozone, the
stratopause is the warmest and found at height
of ~ 50 km; in contrast to it over high latitude/polar
regions there is poor/no solar insolation and, there-
fore, polar winter stratopause is sustained by gravity
wave-driven diabatic descent at high latitudes
(Hitchman et al. 1989 and reference therein). Kan-
zawa (1989) reported that in the undisturbed
situations the stratopause in the polar region is at
higher heights and relatively warmer than in mid-
latitudes. During sudden stratospheric warming
events, PW amplitudes are large in the NH and
stratopause is warm by up to 50 K (Labitzke
1977, 1981; Labitzke and Naujokat 2000). The tem-
perature and height of the stratopause in the Polar
Regions are maintained by GW and PW activity and
high-latitude variability is governed by anticyclones.
Inter-annual variability and comparison between the
two hemispheres of the polar vortices was presented
by Waugh et al. (1999). So far, there are no sys-
tematic long-term investigations on the sub-tropical
stratopause region over both the hemispheres.

To understand the developments associated with
neutral and electro-dynamical coupling, in depth
investigation of the vertical structure of temperature
in the mesosphere and lower thermosphere region is
important but rather difficult. Explorations of the
Mesopause region are rather more difficult and
studies on it are reported using optical, radio, Lidar
and satellite observations (e.g., Liibken and von Zahn
1991; She et al. 1993; Berger and von Zahn 1999;
Walterscheid et al. 1999; She et al. 2004; Li et al.
2005a, b; Venkat Ratnam et al. 2010; Tang et al.
2014, and references therein). There are studies based
on the observations of instability structures and GW
characterization in the mesosphere, lower

thermosphere and in the Mesopause region (covering
the height range of ~ 80-105km) (Li et al
2005a, b). Tiny ripples are thought to be representa-
tive of instabilities in this region and have been
reported in the Mesopause region using airglow
observations (Taylor et al. 1997; Nakamura et al.
1999; Hecht 2004 and reference therein) and several
Na lidar-based studies of Mesopause region have
been reported (e.g., Williams et al. 2002; Liu et al.
2004; Prasanth et al. 2009; Sarkhel et al. 2009a, b;
Sharma et al. 2006)). Venkat Ratnam et al. (2010)
reported characteristics of Mesopause using Sound-
ing of the Atmosphere using Broadband Emission
Radiometry (SABER) onboard Thermosphere Iono-
sphere Mesosphere Energetics Dynamics (TIMED)
satellite observations over a tropical region during
2002-2008 only and found that Mesopause is
at ~ 100 km altitude in the tropical region. Further,
they found that the Mesopause temperature is
decreasing with a rate of ~ 0.72 + 0.05 K/year by
analyzing SABER data during 2002-2008.

Limited studies are available over sub-tropical
regions and on characteristics of stratosphere meso-
sphere interactions and exchange. This study is first
of its kind using long time period satellite observa-
tions, to understand the features and characteristics of
all the three important regions viz. Tropopause,
stratopause and Mesopause covering both the hemi-
spheres. The objective of this study was to fully
scrutinize height and temperature structures in the
tropo-strato-meso pause in the sub-tropical regions in
both the hemispheres using ~ 14 years of SABER
observations and ERA-Interim model reanalysis.

2. Data Used

2.1. SABER Onboard TIMED

In this study we have used SABER onboard
TIMED satellite observed temperature from the year
2002 to 2015 in the altitude range of 20-110 km over
two sub-tropical regions, Mt. Abu (24.59°N, 72.70°E)
and Reunion (21.11°§, 55.53°E) in the NH and in the
SH, respectively. SABER was launched during
December 2001 and quality data are available since
January 2002. The SABER measures Kinetic



temperature along with other parameters from ~ 20
to ~ 150 km altitude range with very good latitudi-
nal coverage from ~ 80°N to ~ 80°S (e.g., Russell
et al. 1999; Yee et al. 1999; Xu et al. 2006, and
references therein). SABER has orbital inclination of
73° and looks the atmosphere perpendicular to the
satellite velocity vector. SABER global viewing
geometry provides a unique opportunity for the study
of various processes and their role in coupling the
troposphere-stratosphere-mesosphere-thermosphere
system. Mertens et al. (2001) presented a method for
extracting temperatures from CO, emissions under
conditions of nonlocal thermodynamic equilibrium,
which is of concern above ~ 70 km altitude region.
A detailed description of the errors in SABER-
observed temperature was provided by Remsberg
et al. (2008). Fourteen years (2002-2015) of obser-
vations from SABER satellite overpasses over Mt
Abu, in the NH, and over Reunion in the SH,
within £ 5° in latitudinal and longitudinal grid have
been employed in the present study. From the
monthly temperature profiles stratopause and Meso-
pause temperature and height have been extracted.
Furthermore, we have applied Lomb Scargle Peri-
odogram (LSP) (Lomb 1976; Scargle 1982). This
method can be used for unevenly spaced data sets
(Press et al. 1992) also. The LSP method weights the
data on a per-point basis, instead of per-time basis
(Luo et al. 2002). Furthermore, to have better insight
of periodicities with simultaneous localization in time
and frequency domain, we have applied wavelet
analysis techniques to investigate features in the
temperatures and heights of the tropo-strato-meso-
pauses over both the regions.

2.2. ERA-Interim Reanalysis

As SABER observations are very good
above ~ 20 km, for the study of Tropopause char-
acteristics we have used ERA Interim Reanalysis data
set over both the regions, Mt. Abu and Reunion.
ERA-Interim is a third-generation reanalysis and
provides much improved atmospheric data set as
compared to ERA-40 (Dee et al. 2011). A vast
amount of quality data obtained from surface mea-
surements, radiosonde observations along with
aircraft and satellite observations are introduced in

data assimilation system of ERA-Interim reanalysis.
Six hourly ERA-Interim data are available at 00, 06,
12 and 18 UTC. The horizontal resolution of the
ERA-Interim fields is 0.70 with total 37 vertical
hybrid levels. Kumar et al. (2015) compared three
global model analyses over Indian regions.

3. Results and Discussions

The objective of this study was to understand the
variability of Tropopause, stratopause and Mesopause
height and temperature in both hemispheres at Mt.
Abu and Reunion Island over sub-tropical regions.
For this purpose, temporal variations of SABER
observation during January 2002 to September 2015
are studied extensively. The altitude-temperature
profile from ERA Interim reanalyses (below 20 km)
and SABER observations (above 20 km) are shown
in Fig. 1, which demonstrates mean monthly varia-
tions of temperature from January to December with
10 K shift along x-axis for better clarity. The mean
height of Tropopause, stratopause and Mesopause
are ~ 17, ~ 46 and 98 km, respectively, over Mt.
Abu region in the NH; at these heights of pauses,
value of temperature is around 195, 260 and 180 K,
respectively. Chandra et al. (2005) and Sharma et al.
(2006, 2012) also reported mean stratopause height
and temperature, ~ 48 km and 271 K, respectively,
using Rayleigh Lidar observations over Mt. Abu.
Over Reunion Island the mean height of Tropopause,
Stratopause and Mesopause are ~ 16, ~ 47
and ~ 98 km, respectively. Rayleigh Lidar-based
study by Sivakumar et al. (2011) revealed mean
Stratopause height and temperature in the range
of ~ 44-52km and ~ 265-270 K, respectively,
over Reunion Island. As compared to NH, Tropo-
pause height is slightly higher in the SH over
Reunion Island while no noteworthy changes are
found in stratopause and mesopause heights in these
two hemispheric regions. Cooler (~ 3 K) Mesopause
is noticed over Mt. Abu in the month of February as
compared to Reunion Island.

Temporal variations of height and temperature
during the period 2002-2015 are shown in Fig. 2. A
very diminutive increasing trend in mesopause and
stratopause height is seen in selected time period,
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Figure 1
Monthly temperature profiles from, (1) ERA-Interim reanalyses from surface to 20 km and (2) SABER observations from 20 to 110 km over
Mt. Abu and Reunion Island regions. The successive profiles are offset by 10 K

whichis ~ 1 and 0.5 km for mesopause and Strato-
pause, respectively, in the past 14 years. No
significant changes are found in Tropopause height
during this period (figure not shown). Somewhat
more variations are seen in Mesopause height in the
NH as compared to SH, which are ~ 1 km and
0.3 km over Mt. Abu and Reunion Island, respec-
tively. Temporal variation of temperature shows a
very interesting trend, which is decreasing from year
2002 to 2008 and beyond this period, an increasing
trend is found in temperature at different altitudes.
Venkat Ratnam et al. (2010) have also reported a
decreasing trend in the Mesopause height during
2002-2008 using SABER observations. These fea-
tures are reinforcing for mesopause and stratopause
as compared to Tropopause temperature. The differ-
ence between stratopause and mesopause temperature
for years 2002 and 2008 are ~ 4 K, while increasing
trend (~ 1.5 K) is observed during year 2009 to
2015 over Mt. Abu region (Table 1). As compared to
NH, Reunion Island in SH shows stronger variations
in Mesopause temperature (~ 7 K) during years
2002 to 2008, while changes in Tropopause are not
substantial in this period. Interestingly, results infer

that Mt. Abu and Reunion Island show a cooling
trend in Mesopause; this cooling trend is stronger in
the SH (—0.14 K/year) as compared to NH
(—0.07 K/year). Moreover, we found that Mesopause
cooling over Reunion Island is nearly 50% times
extra than Mt. Abu during year 2002 to 2008, and
slightly more warming trend (0.1 K/year) is seen in
year 2009 to 2015. In the stratosphere, NH shows a
cooling trend (~ —0.5 K) in past 14 years. Interest-
ingly, Reunion Island continuously shows a cooling
trend while Mt. Abu shows cooling in years 2002 to
2008 and very small warming in years 2009 to 2015.
Overall, we found that SH has a more cooling ten-
dency in mesopause and stratopause as compared to
NH in the past decade.

Figure 3 shows the occurrence frequency of the
mesopause and stratopause height and temperature
during year January 2002 to September 2015. It
shows that the maximum occurrence frequency
(~ 60%) of the Mesopause height is ~ 100 km in
both the hemispheres, while frequency is higher in
NH as compared to SH at this altitude. But at 95 km,
occurrence frequency is more in Reunion Island as
compared to Mt. Abu. These results reveal that
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Temporal variation of: a Mesopause and b stratopause height, and ¢ mesopause, d stratopause, and e tropopause temperature retrieved from

SABER satellite over Mt. Abu region during January 2002 to September 2015. Temporal variation of f mesopause and g stratopause height,

and h mesopause, i stratopause, and j tropopause temperature over Reunion Island for same period. Orange and black line shows best curve
fitting using linear regression

Mesopause height is greater in NH compared to SH.
The Mesopause occurrence frequency is less than 5%
below altitude of 95 km in both the hemispheres.
Stratopause height occurrence frequency lies within
44-50 km; in which stratopause mostly exist between
the altitude range of 46 and 48 km. Sivakumar et al.
(2011) have also found stratopause height between 44
and 52 km using ground-based Rayleigh Lidar
observations. In addition to Mesopause and strato-
pause height, temperature values at these heights are
also shown in Fig. 3. At the Mesopause, mostly

temperature lies between 175 and 185 K. It is inter-
esting to notice here that Mesopause occurrence are
less in the NH for low-temperature range
(165-175 K) and more for high-temperature range
(180-190 K), which shows that Mesopause temper-
ature is warmer in the NH as compared to the SH.
However, stratopause occurrences are more at low-
temperature range (257-261 K) in the NH and less at
high-temperature range as compared to the SH. These
patterns show that the stratopause is cooler; Meso-
pause is warmer, in the NH as compared to the SH.



Table 1

Temperature difference between SABER observed and atmospheric models sinulated temperature over Mt. Abu and Reunion Island

Month Mt Abu Reunion Island Temperature Difference (K)

Mesopause  Stratopause Tropopause Mesopause Stratopause  Tropopause  Mt. Abu—Reunion Island

SsM S S-M S-C SsM SC SM SC SM S SM 5-C Mesopause Stratopause Tropopause
wn © 8 K K K K K (K K K K

Jan 11.7 -93 -3l -26 —-50 -64 09 =79 =31 —-40 =75 -4 20 -0.9 42
Feb 11.3 -86 -59 —-6.0 —-67 —-8.0 57 -48 —-54 -49 -83 -79 -19 =10 32
Mar 112 =57 -89 —-68 —-68 -—-86 5.1 =71 =75 —-48 =74 -=-72 09 =15 22
Apr 103 -39 -95 —6.8 —-58 -84 55 —95 —82 —-40 -56 -64 26 =08 1.3
May 16.5 31 =51 =39 =71 -10.0 15.0 -34 —-47 -11 =38 =55 1.5 0.5 —-1.8
Jun 87 —44 -34 -41 -86 —-11.0 68 —129 -33 -24 —-49 -69 28 0.9 —24
Jul 1.7 -1.1 —-41 —-4-5 =96 -—-115 122 —-68 —-31 -27 -52 —-6.7 0.1 —0.4 =32
Aug 85 =36 5.0 —47 —106 —-116 43 —-133 -36 -58 —-55 —-63 52 —-1.6 —=4.0
Sep 15.4 25 =31 -3.6 —109 —-109 128 -14 =30 =38 -—-48 =57 1.7 =08 —4.8
Oct 74 =75 -—43 —-45 =87 -88 28 =79 —47 =59 -43 =55 0.8 =0.7 =3.0
Nov 126 —-6.0 -3.6 -31 —-66 -72 64 -27 =30 —-60 —46 -55 —038 —-1.6 =0.5
Dec 153 =52 =37 —44 -54 -—-64 27 —55 —47 =76 —-60 —-6.5 4.0 0.1 23

(a) (d)
Y I Mt. Abu Py B Mt Abu
é 501 [JReunion % 501 [JReunion
2 ol I 1. 8
S 0 o 0
165 170 175 180 185 190 195 75 80 85 90 95 100 105
Mesopause Temperature (K) Mesopause Height (km)
(b) (e)
> B Mt Abu > I Mt Abu
% 507 [JReunion 1 % 507 [JReunion
= l I [ 5 " I i|
S 3 .
S 0 o 0
255 257 259 261 263 265 267 269 44 45 46 47 48 49 50
Stratopause Temperature (K) Stratopause Height (km)
(©
Py I M. Abu
% 501 ["IReunion
=
3
o 0
188 190 192 194 196 198 200 202 204
Tropopause Temperature (K)
Figure 3

Occurrence frequency of: a mesopause and b stratopause temperature from SABER satellite, and ¢ tropopause temperature from ERA-interim.
d mesopause and e stratopause height from SABER satellite over Mt. Abu and Reunion Island



Monthly statistics of the Mesopause and strato-
pause temperature and height for Mt. Abu and
Reunion Island are shown in Fig. 4. The mean
Mesopause temperature is ~ 179.7 and 178.1 K over
Abu and Reunion Island, respectively. The
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Box plot shows: a Mesopause and b stratopause temperature from SABER satellite, ¢ tropopause temperature from ERA-interim, and

d mesopause and e stratopause height from SABER satellite over Mt. Abu region during January 2002 to September 2015. f Mesopause and

g stratopause temperature from SABER satellite, h tropopause temperature from ERA-interim, and i mesopause and j stratopause height from
SABER satellite over Reunion Island during same period. Explanation of symbols and marks of box plot are also shown here

maximum and minimum values of the Mesopause
temperature are nearly 190.7 (188.7) K in September
and ~ 167.4 (165.1) K in October (April) over Mt.
Abu (Reunion Island). Value of median is higher
(~ 2 K) over the NH as compared to the SH. Both
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Lomb Scargle periodograms for: a mesopause and b stratopause from SABER satellite and ¢ tropopause temperature from ERA-interim over
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at 95% confidence interval

the hemispheres show the high value of mean tem-
perature in the months of May and September. Mean
stratopause temperature is also the maximum in the
month of May in both hemispheres. Yearly mean
stratopause temperature is somewhat more (~ 1 K)
in the SH against NH; moreover, the Tropopause
temperature is also higher in Reunion Island. The
Tropopause temperature is less in February over NH
and August—September in the SH. The maximum and
minimum values of Mesopause height are ~ 102
(~ 101) km in January (March) and ~ 79 (~ 77)
km in May, respectively, over Mt. Abu (Reunion
Island) in the NH (SH). Mean value of the Mesopause
height reaches up to ~ 100 km in the month of April
and minimum in the month of September (~ 90 km)
over Mt. Abu region, while maximum value of mean
is ~ 98 km over Reunion Island. Median value of
the Mesopause height is little higher in the NH as

compared to the SH. No major variations are seen in
the stratopause height in both the hemispheres.
Moreover, we also investigate the periodicity of
the mesopause, stratopause and tropopause tempera-
tures and heights using Lomb Scargle Periodogram
(LSP) and wavelet transform techniques. Figure 5
shows annual oscillations in tropopause and strato-
pause temperature, but these oscillations do not exist
in mesopause over both hemispheres. Moreover,
stratopause temperature shows quarterly oscillations,
stronger in NH, are also observe in Mesopause.
Quarterly oscillations in Mesopause temperature are
significant over Mt. Abu. Figure shows that at higher
altitude oscillations are of lower period. Mesopause
and stratopause height show strong annual oscillation
in both hemispheres. It is interesting to note here that
small period oscillations are more significant in
Mesopause height as compared to Stratopause height.
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«Figure 6
A continuous Wavelet transform of: a mesopause and b stratopause
temperature from SABER satellite, ¢ tropopause temperature from
ERA-Interim, and d mesopause and e stratopause height from
SABER satellite over Mt. Abu region during January 2002 to
September 2015. f mesopause and g stratopause temperature from
SABER satellite, h tropopause temperature from ERA-interim, and
i mesopause and j stratopause height from SABER satellite over
Reunion Island during same period. Black line in the contour plot
shows cone of confidence

Wavelet transform method suggests that quarterly
periodicity of Mesopause and Stratopause is more
significant over Mt. Abu as compared to Reunion
Island (Fig. 6). Both hemispheres show strong annual
oscillations for Tropopause temperature. During year
2010, annual oscillations are very strong over Reu-
nion Island. Similar to Stratopause and Mesopause
temperature wavelet-based oscillations, Stratopause
and Mesopause height show quarterly oscillations.
Figure 7 shows the Tropopause, Stratopause and
Mesopause monthly temperature variations over Mt.
Abu region and Reunion Island. Figure 7a shows that
the Mass Spectrometer and Incoherent Scatter Radar
Extended (MSISE-90) temperature is lower than the
COSPAR International Reference Atmosphere

(a) Mesopause temperature

(CIRA-86) and SABER-observed Mesopause tem-
perature. During the months of May and September
Mesopause temperature observed from the SABER is
more than the CIRA-86 temperature over Mt. Abu
region. Mesopause temperature extracted from
CIRA-86 reveals decreasing tendency from January
to July and later slightly increases till December
month. Figure 7d shows Mesopause variations
extracted from CIRA-86 and MSISE-90 over Reu-
nion Island; and shows similar variations as observed
over Mt. Abu. It should be noted that the Mesopause
temperature (CIRA-86) is higher than Mesopause
temperature from SABER. MSISE-90 and CIRA-86
reveal a weak anti-correlation over Mt. Abu and
Reunion Island. The variations of stratopause tem-
perature over Mt. Abu region are shown in Fig. 7b.
We found that the model-derived Stratopause tem-
perature is higher than SABER-observed temperature
in the Stratopause. Similar characteristic are found
over Reunion Island and given in Fig. 7e. The dif-
ference in CIRA-86 and MSISE-90 Stratopause
temperature is high over Reunion Island as compared
to Mt. Abu. A maximum Stratopause temperature ia
observed from MSISE-90 during month of April.
Stratopause temperature from CIRA-86 is higher

*
(d) Mesopause emperature
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Figure 7

Temporal variation of mean: a mesopause and b stratopause temperature retrieved from SABER satellite, and ¢ tropopause temperature from
ERA-Interim reanalysis over Mt. Abu region. Temporal variations of mean, d mesopause and e stratopause temperature retrieved from
SABER satellite, and f tropopause temperature from ERA-interim reanalysis over Reunion Island region



during February to May over Mt. Abu region than
Reunion Island, and from July to December, it is
higher over Reunion Island as compared to Mt. Abu
region. The stratopause temperature observed from
the SABER shows a similar pattern over both the
regions and the coolest Stratopause is found in the
month of August over Mt. Abu region. Figure 7c
shows temperature variation in Tropopause region.
The Tropopause temperature is extracted from the
ERA-Interim atmospheric model and found to be
lower than the CIRA-86 and MSISE-90 model tro-
popause temperatures. Similar kind of trend has been
observed over Reunion Island and shown in Fig. 7f.
Tropopause temperature is the maximum during
September month and we noted reverse trend as
compared to Mt. Abu region.

To have further quantitative insight of pauses
characteristics, monthly mean temperature differ-
ences in tropopause, stratopause and mesopause
among SABER (S), CIRA-86 (C) and MSISE-90
(M) have been given in Table 1. In the Mesopause
region over Mt. Abu the temperature difference
between SABER and MSISE-90 is much higher and
found to be maximum during the month of May
(~ 16.5 K), whereas CIRA-86 shows higher than
SABER observations and the maximum difference
observed during January (~ 9.3 K). In the Strato-
pause region, it is seen that the temperature from both
the model is higher and maximum difference between
SABER and CIRA-86 is ~ 9.5 K during the month
of April. Similarly, Tropopause temperature is lower
than the CIRA-86 and MSISE-90 and maximum
difference is found to be ~ 10.9 K from MSISE-90
during September, and ~ 11.6 from the CIRA-86
during the month of August.

Over Reunion Island, Mesopause temperature
revealed minimum difference between SABER and
MSISE-90 (~ 0.9 K) during January and the maxi-
mum difference (~ 15 K) is observed in the month
of May. The higher temperature observed from
CIRA-86 as compared to SABER in this region and
the maximum difference in CIRA-86 and SABER
is ~ 13.3 K in the month of August. In the Strato-
pause region, both the models show higher
temperature than the SABER temperature. The
maximum temperature difference in MSISE-90 and
SABER is observed (~ 8.2 K) in April. The

temperature observed in Mt. Abu region is higher
than Reunion Island in Mesopause region during
most of the months except during February and
November, whereas in the Stratopause region it is
lower except during May, June and December
months. In the Tropopause region the ERA-Interim
temperature is higher during January to April and in
December and lower during rest of the months.

4. Conclusion

In this study, Tropopause, Stratopause and
Mesopause height and temperature are studied at two
sub-tropical regions in both hemispheres. Temporal
variations of SABER observations during January
2002 to September 2015 are studied extensively. The
altitude-temperature profile combined from ERA
Interim re-analyses and SABER observations shows
mean monthly variation of temperature for different
months. As compared to NH, Tropopause height is
slightly higher in the SH over Reunion Island. Very
small increasing trend in Mesopause and Stratopause
height are seen during the study period, which
are ~ 1 and ~ 0.7 km for Mesopause and Strato-
pause, respectively, in the past 14 years. Though,
quantitatively the trends may not be very significant
in view of limited vertical resolution, tendency of
trends is clear from this extensive study. Temporal
variation of temperature shows a very interesting
trend, which is decreasing from year 2002 to 2008
(reported by Venkat Ratnam et al. 2010) and beyond
this period, an increasing trend is found in tempera-
ture at different altitudes. Interestingly, results infer
that Mt. Abu and Reunion Island show a cooling
trend in Mesopause and that this cooling trend is
stronger in the SH (—0.14 K/year) as compared to
NH (—0.07 K/year). Results suggest that SH has a
more cooling tendency in Mesopause and Stratopause
as compared to NH in past decade. Results from
occurrence frequency patterns suggest that Strato-
pause is cooler, Mesopause is warmer, in NH as
compared to SH. Moreover, we also used LSP and
wavelet transform to find the periodicity of Meso-
pause, Stratopause and tropopause temperatures and
heights. Annual oscillations exist in Tropopause and
Stratopause temperature, but these oscillations are not



observed in Mesopause over both the hemispheres. It
is interesting to note here that small period oscilla-
tions are more significant in Mesopause height as
compared to Stratopause height. Hitherto findings
presented in this work on the Tropopause, Strato-
pause and Mesopause characteristics  will
significantly contribute to further global investiga-
tions on the vertical and inter-hemispheric coupling
processes.
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