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Abstract

Using four years of Rayleigh lidar data collected from three different northern hemi-
sphere stations (Gadanki 13.5◦ N, 79.2◦ E ; Mt. Abu 24.5◦ N, 72.7◦ E and Observa-
toire de Haute Provence: OHP; 44◦ N, 6◦ E), the characteristics of double (separated)
stratopause occurrence are presented here, for the first time. The characteristics are5

illustrated by a seasonal change during summer and winter and the variation in per-
centage of occurrence from place to place. It is found that the over-all mean normal
stratopause (NS) positioned at the middle level of double stratopause (upper and lower
level) with its location nearer to the lower level of double stratopause (LDS) than to
the upper level of double stratopause (UDS). The frequency distribution of NS, LDS10

and UDS demonstrated variability with location, indicating role of dynamical activity.
By making use of a quasi-continuous 40 days of lidar observations over Gadanki and
OHP, the responsibility of Gravity Wave (GW) and Planetary Wave (PW) activity for the
LDS and UDS occurrence are examined and presented.

1 Introduction15

The Earth’s atmosphere is characterized by thermal layers showing alternatively neg-
ative and positive temperature gradients. The stratopause is a transition section that
separates stratosphere and mesosphere. It corresponds to the height where a maxi-
mum temperature occurs. It is usually located in the height region from 45 km to 55 km,
throughout the globe. Changes in the stratosphere/mesosphere could occur due to20

different propagating atmospheric waves and to the presence of radiative chemical
constituents (ozone) (Hitchman et al., 1989; Singh et al., 1996). The above sources
also play a significant role in modifying the thermal structure at, above and below the
stratopause region (mesosphere and troposphere).

Using rocket measurements Gupta et al. (1978) reported on the double stratopause25

cases over Thumba (8.3◦ N; 76.5◦ E) in their climatological study. They found that
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the occurrences of double stratopauses are quite frequent (∼20 %) and the two
stratopause altitudes are apart the normal stratopause and are separated by ∼10 km.
Using satellite data, Hitchman et al. (1989) revealed the occurrence of separated
stratopauses in both hemispheres and found to be more prominent during winter with
time persistence. By using a 2-D model, they suggested that the gravity waves could5

account for the observed splitting of stratopause by driving circulation in the winter
hemisphere. Recently, using Microwave Limb Sounder (MLS) data, Allen et al. (1997)
presented the double peak structure in the temperature profiles, one occurring in the
stratosphere and another in the lower mesosphere. They found that the structure
was in consistency with three dimensional barotropic/baroclinic instability model pre-10

dictions. In addition to the above measurements, few lidar stations over the globe have
reported the occurrence of double stratopause structures (Hauchecorne et al., 1991;
Chanin and Hauchecorne, 1991; Leblanc and Hauchecorne, 1997; Sivakumar, 2002).
Except the above evidences, there are no systematic detailed studies and no climato-
logical picture on the occurrence of double stratopause.15

The present study focuses on detailed features of the occurrence of double
stratopause structures in the middle atmospheric temperature profiles (height range
of 40–60 km). Three Rayleigh lidar data sets collected during the 1998–2001 period (4
years) at different northern latitudes (tropics, subtropics and mid-latitudes) have been
analysed: Gadanki (13.5◦ N, 79.2◦ E); Mt. Abu (24.5◦ N, 72.7◦ E) and Observatoire de20

Haute Provence (OHP; 44◦ N, 6◦ E). The seasonal (winter and summer) and statistical
characteristics of double stratopause occurrence for those sites are investigated. Gen-
erating mechanisms of the double stratopause events are also investigated and dis-
cussed in terms of wave activity (GW and PW). This is made by the use of a 40-days
quasi-continuous data time-series obtained simultaneously over Gadanki and OHP.25
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2 Data and observation

The Rayleigh lidar data collected during 4 years from 1998 to 2001 in three different
stations, such as; Gadanki, Mt. Abu and Observatoire de Haute Provence (OHP) are
used for identifying and characterizing the double stratopause structure. The monthly
distributions of lidar data used for the three stations are tabulated in the Table 1.5

The recorded raw data are in the form of photon count profiles and then the tem-
perature profiles are derived by following the method as given by Hauchecorne and
Chanin (1980). Temperature profile retrieval is similar for all the three stations and the
error in measurements is ∼1–2 K in the stratosphere height region. More details on the
individual lidar systems and methods of analysis may be collected from Sivakumar et10

al. (2001; 2002; 2003), for Gadanki, from Chandra et al. (2005) for Mt. Abu and from
Keckhut et al. (1994) for OHP.

The obtained temperature profiles are used for locating the normal stratopause and
double stratopauses (Lower and Upper level of double stratopause). The normal
stratopause is defined as the height at which the warmest temperature is observed.15

The double stratopause cases are systematically checked from individual temperature
profiles. The lower or upper level of double stratopause is also referred to normal
stratopause depending upon the location of observed warm temperature.

Figure 1 shows typical height profiles of temperature illustrating single/normal and
double stratopause cases. It appears from this example that the single (or) normal20

stratopause (NS) is located at 48.1 km, 47.7 km and 45.0 km, respectively for Gadanki,
Mt. Abu and OHP. Whereas, the double stratopause cases illustrate their occurrence
of the upper level of double stratopause (UDS) at 53.2 km, 54.5 km and 50.0 km, the
lower level of the double stratopause (LDS) at 43.6 km, 47.3 km and 44.0 km, and the
vertical distance between them are of ∼9.6 km, 7.2 km and 6 km. It appears also that25

the tropical station, Gadanki, experiences the largest separation in comparison with
sub-tropics (Mt. Abu) and the mid-latitude stations (OHP).
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3 Statistics

The daily mean temperature profiles are used to identify the double stratopause oc-
currence and to report on the heights of occurrences of NS, UDS and LDS. The
monthly distributions of total number of observations and the number detected dou-
ble stratopause cases are tabulated in Table 1. The percentage of double stratopause5

occurrence represents the ratio between the number of double stratopause occurrence
and the total number of observations. The overall percentage of occurrence shows that
it is maximum for Gadanki (63%) followed by OHP (44%) and Mt. Abu (42%). Since
the monthly double stratopause occurrences in the databases are less, the distribu-
tion are difficult to perform (ref. Table 1), we have investigated the common features10

observed during two distinct periods with regard to the middle atmosphere seasonal
circulation and planetary wave activity: summer and winter. Summer and winter sea-
sons correspond to the six months periods respectively from March to August and from
September to February. The percentage of occurrences during summer and winter
are found to be 68.1, 44.4 and 45.2 and 58.8, 40.5 and 42.1, respectively for Gadanki,15

Mt.Abu and OHP. It indicates a higher percentage of occurrences recorded in summer
than in winter for all the three sites. It also further elucidates that the prevalence of
double stratopause structure in the temperature profiles is irrespective of place and
season. It seems to indicate that this phenomenon is a global one.

The frequency distribution of heights of occurrence of NS, LDS and UDS is obtained20

by grouping the data in terms of summer and winter seasons irrespective of the years
(Fig. 2a–c). The observed mean stratopause height for NS, LDS and UDS for summer
and winter season is tabulated in Table 2. The following salient points are noted from
the Fig. 2 and Table 2;

– NS, LDS and UDS generally follow the Gaussian distribution with vastly varying25

from 38 km to 57 km and by displaying the NS at the centre level of LDS and UDS,
for all the three stations.

– NS, LDS and UDS distributions are in the range of 40–56 km, 40–54 km and 43–
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57 km and 37–57 km, 39–53 km and 39–57 km during summer and winter, respec-
tively, with their corresponding mean values at 47.0, 45.6 and 49.8 km and at 48.6,
46.5 and 51.0 km, for Gadanki.

– distributions of NS, LDS and UDS for Mt.Abu, ranges within 43–55 km, 37–53 km
and 47–57 km and 41–59 km, 41–55 km and 43–59 km, with mean heights found5

at 48.1, 46.5 and 53.0 km and at 47.3, 46.8 and 49.2 km, respectively for summer
and winter.

– In case of OHP, the NS, LDS and UDS distributions ranging within 41–56 km, 41–
55 km and 41–57 km and 37–60 km, 37–55 km and 41–59 km with mean heights
positioned at 48.0, 46.5 and 51.4 km and at 47.4, 45.5 and 50.9 km, for summer10

and winter.

– mean heights of occurrence of NS, LDS and UDS are found to be higher in sum-
mer than in winter for Mt. Abu and OHP and the reverse for Gadanki (i.e., higher
in winter than in summer).

– percentage of occurrence of double stratopause and the mean heights of occur-15

rence of NS, LDS and UDS are found to be nearly same for Mt. Abu and OHP.

4 Examination of wave activity as a possible generation mechanism

The above presented statistics suggest that the presence of double stratopause struc-
ture is independent of time and places. It is feasible to discuss the causative mech-
anism for the observed phenomenon. It is well known that the perturbations in20

stratosphere-mesosphere temperature profiles are either due to propagating atmo-
spheric waves or composition changes in radiative chemical constituents. The changes
due to chemical constituents does not happen suddenly and do not disappear in a short
period of time (∼1–2 days). Hence, the propagating atmospheric waves could be the
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main source for altering the temperature and thereby impact the temperature variations
in the stratopause height region as reported in Sect. 3.

Generally, two kinds of propagating waves are responsible for perturbing the middle
atmospheric temperature, such as, the planetary wave (PW) and gravity wave (GW),
which might be the potential source for generating the double stratopause structure.5

Also, we suspect that the LDS and UDS occurrence possibly may have a strong re-
lationship to the globally addressed phenomena, (a) Sudden Stratospheric Warming
(SSW) and (b) Mesospheric Temperature Inversion (MTI). These two middle atmo-
spheric phenomena are again commonly addressed with the PW/GW propagation and
breaking. Here, in the following sub-sections, the role of GW and PW activity is ex-10

plored for Gadanki and OHP, since the Mt.Abu dataset is smaller. In fact, from the later
one can not find any continuous or quasi-continuous data time-series, as it is the case
for OHP and Gadanki.

Indeed, the wave activity is examined by using quasi-continuous and simultaneous
40-days of lidar observation over Gadanki and OHP, from 18 January 1999 to 28 Febru-15

ary 1999. There were few days (1 or 2 days) with no observations and those data are
filled by linear interpolation. Then, the occurrence height of NS, LDS and UDS for the
above period and for Gadanki and OHP is noted and plotted in Fig. 3a–b. It illustrates
that Gadanki experiences the double stratopause cases for 87.5% during the period of
observation and in which NS appears on LDS for 40% and on UDS for 60%. Whereas,20

OHP observations represent the double stratopause cases for 60% with NS falls on
LDS for 16.7% and on UDS for 83.3%. The OHP observations demonstrate that NS is
more frequently found at UDS than at LDS, whereas, the Gadanki observations show
the opposite: NS is more frequent at LDS than at UDS. It is also evident from Fig. 3
that LDS and UDS show large day-to-day variability with typical periodicity of planetary25

waves in the stratopause region.
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4.1 Role of Gravity Wave (GW) activity

Gravity waves (GW), which commonly propagate from troposphere to mesosphere,
might be one of a source mechanism to disturb the stratopause region, where GW
may break and transfer their energy. Thereby, in this section, we explore the role of
GW activity in generating the double stratopause structure for Gadanki and OHP. The5

GW associated potential energy (P.E) is a parameter which illustrates the strength of
GW and the atmospheric stability. Assuming that the GW perturbation could contribute
to the double stratopause structure; we computed the GW associated P.E at both LDS
and UDS height regions and for Gadanki and OHP. It is calculated by assuming that
the atmospheric density perturbations are similar to that of temperature (Wilson et al.,10

1991 a, b; and Whiteway and Carswell, 1994; 1995) and following the expression given
by Wilson et al. (1991a);

Ep =
1
2

( g
N

)2 (T ′

T0

)2

(1)

where, T ′ is the temperature perturbation evaluated as the difference between temper-
ature profile and a third order polynomial fit (T0) and N is the Brunt-Väisälä frequency15

obtained from the following expression,

N2 =
g
θ

[
dθ
dz

+ Γ
]

(2)

Γ is the adiabatic lapse rate (=9.8 K/km) and
θ is the potential temperature estimated from the third order polynomial fit.

Initially, the height profile of P.E is computed for 30 to 70 km height range, by following20

the above expression. Thereby, we estimated the mean potential energy for LDS and
UDS height regions over Gadanki and presented in Fig. 4a. Here, the LDS and UDS
height region ranges from 40.02 km to 49.02 km and from 50.81 km to 59.81 km, re-
spectively. Similarly, the mean potential energy is computed for OHP over LDS height
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region from 43 km to 48 km and over UDS height region from 49 km to 54 km, and
plotted in Fig. 4b.

As expected the GW associated P.E increases with height, the calculated mean P.E
displays a higher value for UDS than LDS. For both stations, the day-to-day variation
of P.E for LDS and UDS are nearly found to be similar, except showing a high value for5

UDS. Also, the mean value of P.E for OHP is higher than that of Gadanki. In very few
cases, extreme high values are recorded for OHP. The recorded high peaks of P.E are
found to be coincident with the cases where high differences between LDS and UDS
are detected (see Fig. 3). A regressive correlation analysis is performed between P.E
values (Fig. 4) and UDS-LDS heights (Fig. 3). It illustrates that the correlation rate for10

Gadanki between LDS and P.E is about 5.2 %, while it is about 37.2% between UDS
and P.E. Whereas, the correlation analysis performed for OHP displays 22.5% and
46.9% respectively for LDS versus P.E and UDS versus P.E. The results obtained for
Gadanki and OHP show a higher correlation with P.E for UDS than for LDS. It suggests
that the GW might be a more generative cause for the observed UDS structures than15

for the LDS.
Because GW seems to be part of the double stratopause structures, it appears in-

teresting to investigate the possible correlation between UDS and the occurrence of
mesospheric temperature inversion (MTI). It has been reported from earlier studies
that the temperature inversions are detected above 55 km for OHP (Hauchecorne et20

al., 1987) and above 70 km for Gadanki (Sivakumar et al., 2001; Ratnam et al., 2003).
However, the UDS occurrences are obtained below 55 km for all the three stations (see
Fig. 2). Hence, the altitude ranges of UDS and MTI clearly revealed to be two distinct
phenomena. Yet, both UDS and MTI may be generated by GW propagation in the
upper stratosphere-lower mesosphere region. In fact, previous studies showed that25

GW breaking is the most probable cause for MTI. Moreover, the estimated P.E is found
to be higher for OHP than for Gadanki which is in agreement with the earlier results
showing a maximum GW activity during winter at OHP (Wilson et al., 1991b) and dur-
ing summer equinox at Gadanki (Sivakumar et al., 2006). Thereby, we suggest that
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the dominant GW activity may be one of the main sources to contribute for the UDS
occurrences.

4.2 Role of PW activity

Planetary waves (PW) also contribute to the variability and dynamical changes in the
middle atmosphere. Here, we explore a possible role of PW activity in generating the5

double stratopause structure. We have applied continuous wavelet transform (cwt) to
the above quasi-continuous 40-days lidar observations. The wavelet spectral technique
extracts the wave parameters into a good time-frequency resolution in comparison with
FFT. Generally, FFT is used where there is a fixed window width (like dynamic spectra);
where as the width of the wavelet depends on scale of interest (frequency). Also, the10

narrow/broader wavelet allows high/low frequency (small/large time scale) components
to be better resolved in time. As the Morlet wavelet has a well-defined relationship be-
tween its scales and the Fourier periods (Malinga and Poole, 2002), we have used the
same technique to extract the dominant PW modes. It is subjected to the temperature
differences derived by subtracting the 40-days mean temperature profile from the indi-15

vidual daily temperature values. We have computed the PW amplitudes for the height
region from 30 km to 70 km and examined the PW periodicities from 5 to 25 days. The
examined altitude range are from 40.02 km to 49.02 km and from 50.81 km to 59.81 km,
corresponding to LDS and UDS height regions over Gadanki. The obtained PW ampli-
tude is sketched in Fig. 5a–b. It is clear from the figure that the wave activity is stronger20

in the LDS height region than in the UDS. It shows a periodicity of 13–20 days (referred
hereafter as 13–20 d) observed over the 40-days observational period, with maximum
amplitude from 13th to 37th day. Also, there are small period waves of 8–10 d in the
first 15 days and 5–7 d at the end of observational days (from 35 to 40), but their am-
plitudes are weaker than for PW with period of 13–20 d. With regard to UDS region, it25

shows smaller amplitudes for the 10–13 d wave starting on the 10th day and further a
6–7 d time-localized (15th–25th) with slightly weaker amplitude.

Similar analysis has been done for OHP observations to examine the PW activity.
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Fig. 6a–b shows the extracted mean PW amplitude for the LDS and UDS region, i.e.,
from 43 to 48 km and from 49 to 54 km. The figure displays a 20–25 d persistent and
dominant wave in the LDS region. In the UDS region, PW amplitudes are weaker than
those obtained in the LDS region. The UDS region shows two quasi-persistent 15–20 d
wave and a localized (15th–30th) 7–8 d wave.5

This result shows that PW amplitudes are higher in LDS than in UDS. It suggests that
the PW could be responsible for LDS at both stations (Gadanki and OHP). In addition,
the PW amplitude is observed to be higher over mid-latitudes (OHP) than over tropics
(Gadanki). This is in agreement with the fact that PW are high- and mid-latitude gener-
ated with equator-ward trajectories, and amplitudes are smaller in the tropics (Barnett10

and Labitzke, 1990). Also, the obtained results are in accordance with the recently
reported SSW event observed over Gadanki (Sivakumar et al., 2004). The warming
event is observed at the stratopause height, in concordance with the PW disturbances
observed over high- and mid-latitudes, propagating upward and equator-ward. Simi-
larly, the observations reported at mid-latitude stations (e.g., OHP) also show higher15

warming amplitude with predominant PW activity during winter in the stratosphere
(Hauchecorne et al., 1983; Leblanc et al., 1998). The above results also suggested
that the PW activity is higher during winter in connection to the stratospheric warming.

Moreover, we examined PW activity using continuous ECMWF meteorological and
zonal fields at 45◦ N and 15◦ N derived for the same 40-days period. Similarly, higher20

wave amplitudes are found at 45◦ N (OHP), in comparison with wave amplitudes at
15◦ N (Gadanki) (figures are not shown). The PW amplitudes according to altitudes
show that the values are decreasing with height. In other sense, it could indicate that
the LDS height occurrence may be related to the PW activity, during winter, especially.

5 Conclusions25

For the first time, a climatological lidar analysis of double stratopause structures is re-
ported from three different stations over the northern hemisphere. The observations
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from mid-, sub-tropical and low-latitude stations show that the structure exists over
the globe, with seasonal and latitudinal variations. The high- and low-correlation co-
efficients obtained respectively for the UDS and LDS heights of occurrence and their
corresponding mean PE illustrates that GW is one of the most generative mechanisms
for UDS layer. Similarly, the extracted PW display low- and high-amplitude for the UDS5

and LDS height region suggests the responsibility of PW in generating LDS. This is in
agreement with wave propagation in the middle atmosphere. In fact, PW and most of
GW are generated in the troposphere. PWs propagate upward and equator-ward with
decreasing amplitudes toward tropics, while GWs propagate vertically with exponen-
tially increasing amplitudes. Though, the correlation of double stratopause observa-10

tions, the GW and PW suggest that they are responsible for generating UDS and LDS
structure, there might be a chance of combined wave activity. At this stage, we believe
that the PW and GW activity may play a role in generating LDS and UDS structures.
Additionally, GW breaking and associated turbulence nearby the stratopause region
might also contribute to the observed cooling in the stratopause height and thereby15

generating double stratopause. Further, we believe that the fast thermal adjustments
and restoring force activity at the stratopause height region could also be behind the ob-
served double stratopause. The purpose of the present issue is to report on seasonal
and statistical characteristics of double stratopause occurrences as derived from 4-year
observations of ground-based lidars operating in tropics, subtropics and mid-latitude.20

Future work will shade more light on the double stratopause formation mechanism by
coupling in-situ observations and modelling.
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Table 1. Monthly distribution of total number of days and double stratopause occurrences over
Gadanki (13.5◦ N, 79.2◦ E), Mt. Abu (24.5◦ N, 72.7◦ E) and OHP (44◦ N, 6◦ E).

MONTH GADANKI MT. ABU OHP
(24.5◦ N, 72.7◦ E) (44◦ N, 6◦ E) (13.5◦ N, 79.2◦ E)

TOT1 DSC2 TOT DSC TOT DSC

January 27 16 04 03 56 20
February 42 21 09 04 57 22
March 45 35 09 04 52 16
April 52 33 15 07 43 32
May 08 03 07 03 28 15
June 04 02 05 02 54 33
July 03 03 – – 78 22
August 04 03 – – 75 31
September 04 04 03 01 67 28
October 11 06 08 02 53 29
November 19 13 05 02 40 15
December 21 13 08 03 48 21
Total 240 152 73 31 651 284

1Total number of observations and
2Double Stratopause cases.
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Table 2. Mean values of NS, LDS and UDS for all the three stations during summer and winter.

Station/Season
SUMMER WINTER

NS LDS UDS NS LDS UDS

Gadanki (13.5◦ N, 79.2◦ E) 47.0 45.6 49.8 48.6 46.5 51.0
Mt. Abu (24.5◦ N, 72.7◦ E) 48.1 46.5 53.0 47.3 46.8 49.2

OHP (44◦ N, 6◦ E) 48.0 46.5 51.4 47.4 45.5 50.9
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Fig. 1. Height profiles of temperature illustrating the single and double stratopause structure
from three different stations. The successive profiles are shifted by 40 K.
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Fig. 2a. Frequency distribution of the Lower level of double stratopause (LDS), Normal
Stratopause (NS) and Upper level of double stratopause (UDS) obtained by lidar observations
from 1998 to 2001 over Gadanki during Summer and Winter.
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Fig. 2b. Same as Fig. 2a but for Mt. Abu.
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Fig. 2c. Same as Fig. 2a but for OHP.
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Fig. 3. The heights of occurrence of NS, LDS and UDS for quasi-continuous 40 days lidar
observations from 18 January 1999 to 28 February 1999 (a) over Gadanki and (b) over OHP.
The heights of occurrence of NS are either connected with LDS or with UDS.
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Fig. 4. Estimated mean PE for LDS and UDS height region for the same continuous 40-days
lidar observations, presented in Fig. 3a and b, (a) over Gadanki and (b) over OHP.
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Fig. 5. The estimated mean PW amplitude obtained for the same period as in Fig. 3 for the
LDS and UDS height regions over Gadanki.
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Fig. 6. Same as Fig. 5a and b, but for OHP.
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