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Abstract. General characteristics of sub-tropical middle atmospheric temperature structure over a high
altitude station, Mt. Abu (24.5◦N, 72.7◦E, altitude ∼1670 m, above mean sea level (amsl)) are presented
using about 150 nights observational datasets of Rayleigh Lidar. The monthly mean temperature contour
plot shows two distinct maxima in the stratopause region (∼45–55 km), occurring during February-March
and September-October, a seasonal dependence similar to that reported for mid- and high-latitudes respec-
tively. Semi-Annual Oscillation (SAO) are stronger at an altitude ∼60 km in the mesospheric temperature
in comparison to stratospheric region. A comparison with the satellite (Halogen Occultation Experiment,
(HALOE)) data shows qualitative agreement, but quantitatively a significant difference is found between
the observation and satellite. The derived temperatures from Lidar observations are warmer ∼2–3 K in the
stratospheric region and ∼5–10 K in the mesospheric region than temperatures observed from the satel-
lite. A comparison with the models, COSPAR International Reference Atmosphere (CIRA)-86 and Mass
Spectrometer Incoherent Scatter Extended (MSISE)-90, showed differences of ∼3 K in the stratosphere
and ∼5–10 K in the mesosphere, with deviations somewhat larger for CIRA-86. In most of the months
and in all altitude regions model temperatures were lower than the Lidar observed temperature except in
the altitude range of 40–50 km. MSISE-90 Model temperature overestimates as compared to Lidar tem-
perature during December-February in the altitude region of 50–60 km. In the altitude region of 55–70 km
both models deviate significantly, with differences exceeding 10–12 K, particularly during equinoctial pe-
riods. An average heating rate of ∼2.5 K/month during equinoxes and cooling rate of ∼4 K/month during
November-December are found in altitude region of 50–70 km, relatively less heating and cooling rates
are found in the altitude range of 30–50 km. The stratospheric temperature derived from the Lidar and
columnar ozone observed by the Total Ozone Mapping Spectrometer (TOMS) over Mt. Abu shows good
correlation (r2 = 0.61) and indicates the association of ozone with the temperature.

1 Introduction

Atmospheric temperature is an important thermodynam-
ical parameter for the study of various geophysical pro-
cesses and has crucial imprint of radiative, dynamical and
chemical behavior of the atmosphere. A detailed study
about the climatology of the middle atmospheric temper-
ature by using the different remote sensing techniques has
been done around the globe in past two decades [1–6]. The
stratospheric temperature observations were carried out
by using Lidar over McMurdo Station, Antarctica and the
temperature climatology shows that the high temperature
variability with descending trend from the stratopause al-
titude down to the altitude of 30 km [7].
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The Lidar observation of the stratospheric tempera-
ture are also compared with the MSIS model over Davis,
Antarctica and comparison shows that the uniform tem-
perature anomaly of the stratopause region observed by
Lidar during midwinter over the observational site than by
the MSIS Model [8]. The temperature observations were
carried out over the High Arctic at Eureka by using Lidar
and meteorological balloons and found the drastic change
in the thermal structure of the stratosphere which asso-
ciated with the wintertime stratospheric vortex [9]. The
observation of vortex core is showing insistently cooler
lower stratosphere and warmer upper stratosphere. They
have observed the different behaviour in the warm an-
nual vortex core from seasonal change in temperature cli-
matology due to change in insolation as well as plane-
tary wave driven sudden stratospheric warming [9]. The
Lidar temperature observation over the polar region and
its comparison with ECMWF show an agreement in sum-
mer season with each other within few Kelvin and higher
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temperature is observed in the winter season below 55 km.
It is also concluded that the variability in temperature in
the winter and summer are maximum and minimum re-
spectively during both the seasons at the scale of day to
day variation in the temperature [10]. Middle atmospheric
temperature measurements by using Lidar is also studied
by various investigators in the past [11–15]. In addition
to the imprint of dynamical and radiative processes of
the middle atmosphere temperature plays vital role in the
Earth’s ozone budget (as temperature plays an important
role in the ozone chemistry), which is an important and
crucial gas to be monitored in the atmosphere [16–21].
Therefore, by studying temperature, we can unravel var-
ious aspects of ozone and its chemistry [22–27]. The cir-
culation of the middle atmospheric system, which is also
affected by ambient temperatures, determines the resi-
dence lifetime of minor species in the atmosphere and
their impacts on the structure of the ozone layer in the
stratosphere [28]. Despite many observations and simula-
tion studies (based on the input, mostly from high-and
mid-latitudes), in the middle atmosphere, the quantita-
tive information from tropical and sub-tropical latitudes
and coupling between various geophysical processes under-
standing the underlying process associated with subtrop-
ical region is an important step and is likely to contribute
in improving numerical models [29]. In the past, various
Lidar studies were limited to mid- and high-latitude sta-
tions but there are limited studies in tropical latitudes and
very few from sub-tropical region. There is no systematic
long term temperature measurements reported from sub-
tropical latitudes in India. Rayleigh Lidar, located at Mt.
Abu (an Indian sub-tropical station) is operational and
has collected data for ∼50 nights per year since 1997 [30].
Temperature characteristics observed during 1997 to 2001
are presented and discussed in the present study.

2 Observations and data analysis

Lidar observatory is situated on a hill top named
‘Gurushikhar’ near to Mt. Abu (24.5◦ N, 72.7◦ E, altitude
∼1670 m, amsl) and its location is depicted on a topo-
graphic map of India shown in Figure 1. The Lidar was
operated at Mt. Abu in Rayleigh mode in every year, for
about 5 to 10 nights in each month around new moon ex-
cept during the monsoon (June-July-August) season. Pho-
ton counts integrated for 5/10 min were stored. These data
are available for more than total 20 nights for most of the
months and about 10 nights in June during 1997–2001.
Measurements were not made during monsoon season due
to cloudy sky condition. Off-line data processing involves
adding the photon counts of 5 range bins to give effec-
tive range bins of 480 m each. A five-point linear running
mean was applied to further smooth the photon count
profile. The background noise was removed at this stage,
by estimating the average photon counts above 90 km,
which was subtracted from each range bin. Range correc-
tion was then applied and the densities were obtained from
the range corrected photon count profile. Detailed descrip-
tion of data analysis can be found in [30]. The detailed

Fig. 1. Location of Mt. Abu is shown on a topographic map
of Indian region, showing the orography near to the Lidar ob-
servatory.

Fig. 2. Effect of temporal integration on error in observed
temperatures is shown for 30, 60, 120, and 240 min observations
on 21 October 2001 over Mt. Abu.

description about the temperature retrieval methodology
used in present study is followed to the previous investi-
gators [31,32].

The continuous observations for 4 h were made during
the night of 21 October 2001. Temperature profiles were
obtained using different data lengths corresponding to 30,
60, 120 and 240 min. Figure 2 shows the variation of the
error with altitude for different data lengths. The error for
data length of 30 min varies from about 0.5 K at 40 km
to 20 K at 70 km. The errors vary from <0.5 K at 40 km
to 15 K at 70 km for 60 min of data length and <0.5 K
at 40 km and 11 K at 70 km for 120 and 240 min of data
length. In present study, we have used the data which have
observation time span longer than 1 h during nighttime.
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Usually, observations over the Mt. Abu are carried out for
1–6 h for most of the days.

3 Results

3.1 Observed monthly mean temperature anomalies
and seasonal difference in the temperature over Mt.
Abu

Mean temperature profiles have been computed from the
observed nighttime temperature variation over Mt. Abu.
The temperature climatology of the monthly mean (From
September to May) data for five years are shown in
Figure 3a and similarly, the estimated deviation from
the annual mean temperature profile for each month for
September to May have been plotted in Figure 3b. We
have excluded the days of major Stratospheric Sudden
Warming (SSW) in constructing temperature climatol-
ogy. Every year in the month of September, we have
less observation due to extended monsoon period over
the observational site. It is clearly seen from the Fig-
ure 3a that there is no prominent variation in the tem-
perature at ∼40 km during September to May. Temper-
ature in March is more (∼235 K) as compared to the
other months at ∼35 km and also observed the higher
temperature in January at ∼40 km with respect to other
months. During September-October and March-April in
the vernal and autumn equinoxes, we have observed the
temperature (∼270 K) pools and it shows that the warm-
ing is localized during vernal equinox. Though, autumn
equinoctial warming pool is bit extended with maximum
during March and another maximum ∼270 K is found
during May. The stratopause is the coolest during winter
and shows minimum temperature in December.

Mesospheric temperatures show a Semi-Annual Oscil-
lation (SAO) which are very prominently seen at ∼60 km.
Maximum and minimum temperature in the height region
of 55–70 km, is observed during October/March and in
the winter (December–January) respectively. Above 70 km
minimum temperatures (∼195 K) were observed during
the equinoctial months with a maximum during February
(∼220 K). During February-March, higher temperatures
are observed at height ∼65–72 km. It is envisaged that
higher temperatures are due to frequent occurrence of
Mesospheric Temperature Inversions (MTI) during these
months. Temperature variability, less than 8–10 K, may
not be statistically significant due to the poor signal to
noise ratio (SNR) above the ∼70 km. A detailed quantita-
tive scenario of temperature anomalies is given in Table 1
which show the temperature differences from the annual
mean temperature. Temperatures are shown at every 5 km
in the altitude region from 35 to 70 km during September
to May. The maximum (∼+11 K at about 70 km) and min-
imum temperature (∼–11 K at about 55 km) was found in
the month of December and March respectively. Further-
more, from November to December, very strong tempera-
ture gradient (∼16 K) is found at altitude of ∼55 km. Sim-
ilar strong change in temperature is found from February
to March at ∼60 km.

We have described the heating and cooling rates of
the middle atmosphere from Figure 3b. It is clearly ob-
served in Figure 3b that a prominent cold temperature
pool with two eyes type of structure during December
and February. A higher temperature during equinoxes and
warm temperature pools also observed during both the
equinoctial periods (vernal and autumn), exhibit entirely
different structure. During vernal equinox, there is strong
gradient in the temperature showing upward trend with
heating rate of about 2.5 K/month. Inception of warm
pool is in the month of October at 45 km and has upward
trend and disappears by end of the November (shown in
Fig. 3b). In contrast, during autumn there is a down-
ward trend of warm temperature pool in the altitude
region of ∼50–60 km. In February, it appears at meso-
spheric height of ∼72 km and then propagates down to
stratosphere (∼45 km) in May. It may propagate further
down but could not be tracked during June and July due
to local monsoon (Fig. 3a). The rate of cooling during
March-April is ∼1 K/month. The highest rate of change
of temperature of ∼4 K/month is found in altitude re-
gion 50–60 km during October-November and the lowest
(<1 K/month) in altitude range of ∼30–40 km. Heating
rates are higher, ∼3 K/month in 50–60 km altitude region
during September-October and again in February-March.
These features have been observed first time in the tem-
perature climatology over a sub-tropical location.

In order to compare the observed Lidar temperature
climatology with the HALOE satellite, we have plotted
the temperature climatology for the same observation
(September-May) period with HALOE in Figure 3c and
we also plotted the deviation in the temperature from
mean with the HALOE satellite in the Figure 3d. We
have taken the HALOE satellite observations at the spa-
tial grid 5◦ × 5◦ over Mt. Abu a high altitude site in the
western part of India. A significant magnitude difference
is observed between the Lidar and the HALOE observed
temperatures. The ground-based Lidar as well as HALOE
satellite are showing the similar mean stratopause height
with a mean temperature difference ∼10 K between both.
It is also observed that the spread in the stratopause
height is more (height range ∼42–53 km) in Lidar than in
the satellite data (height range ∼46–52 km). In the Lidar
derived temperature deviations, a strong winter cold tem-
perature pool (about –10 K) is observed in the altitude
range of 50–65 km, which is not revealed by satellite ob-
servations. A very weak (about –2K) cooling is noted at
lower altitudes (35–48 km) during the month of January
and February in the satellite observations. The signature
of warming during equinoctial months is also found in the
Lidar observations but this feature is not delineated in
the satellite observations due the coarser grid resolution
of the satellite and the observing time difference. A signif-
icant temperature difference between Lidar and HALOE
observed temperature is found in the various middle atmo-
spheric temperature climatological studies from low and
mid latitude stations [2].

We have plotted the monthly mean variation of
temperature by using ground-based (Lidar), space-
based (HALOE) and model (MSISE-90 and CIRA-86)
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Fig. 3. (a) and (b) Contour plots of monthly mean Lidar observed temperature climatology from 1997–2001 over Mt. Abu is
shown in Figure 3a, source: [33]. (b) Similar contour plots for deviations from mean temperature observed by Lidar are shown.
(c) and (d) Contour plots of monthly mean HALOE observed temperature climatology from 1997–2001 over Mt. Abu is shown
in Figure 3c, source: [33]. (d) Similar contour plots for deviations from mean temperature observed by HALOE are shown.

Table 1. Monthly temperature deviations (in K) from mean temperature over Mt. Abu (table source [34]).

Height (km) Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May
35 –5.2 –1.3 –1.3 –1.5 1.1 –0.6 4.2 2.2 2.4
40 –2.9 –0.2 –0.8 –1.5 2.5 –0.3 1.7 2.5 –1
45 –2.7 3.1 0.1 –3.2 –1.7 0.3 1.7 –0.3 2.7
50 –0.6 5.4 3.9 –4.9 –3.8 –3.9 –0.7 –0.1 4.8
55 0.8 6.2 6.2 –10.3 –7.5 –7 2.3 2.8 6.2
60 –0.5 4.8 8.9 –7.1 –4.3 –10.6 5 1.7 2.1
65 –6.7 2.1 5.1 0.4 –0.1 –1.9 3.3 –0.9 –1.2
70 –8.9 0.9 1.3 –1.7 –2.1 10.8 11.2 –2.5 –9.1

observation in the different height region from strato-
sphere to mesosphere. We have taken four height region
(a) 30–40 km, (b) 40–50 km, (c) 50–60 km, (d) 60–70 km
to have a better understanding about the temperature cli-
matology in stratosphere to mesosphere which is shown in
Figures 4a–4d. The observed temperature by Lidar in the
altitude region ∼30–40 km shows the variation in temper-
ature between ∼240 and 248 K. A signature of SAO is
found, with higher temperatures in October and March.
Interestingly, in this altitude region, higher temperature
(∼248 K) is observed in January. HALOE temperatures
are showing weak variability (∼238–243 K). Contrary to
Lidar observations, HALOE observed minimum tempera-
ture in January. CIRA-86 and MSISE-90 model temper-
atures also do not show significant variations. Further-
more, Lidar temperatures are anti-correlated to HALOE

and model temperatures in January. Due to presence of
stratopause altitude, the altitude range of 40–50 km has its
own importance. Lidar temperatures vary between ∼263
and 269 K in this altitude region. A prominent signa-
ture of SAO with equinoctial maxima is found and weak
cooling is observed during winter months. Nonetheless,
HALOE temperatures revealed similar seasonal variation;
Lidar temperatures are higher (∼8 K) than HALOE tem-
peratures. Despite, qualitative agreement between CIRA-
86, MSISE-90 model and Lidar temperatures; Lidar tem-
peratures in October are higher (∼5 K) than the model
temperatures.

Lidar temperatures show very high variability (∼247–
264 K) in this altitude region 50–60 km. Besides,
strong signature of SAO with maximum temperatures
in equinoxes, vernal equinox (September-October) shows

http://www.epj.org


Eur. Phys. J. D (2017) 71: 187 Page 5 of 8

Fig. 4. Monthly mean temperature variation observed by
ground-based (Lidar), satellite (HALOE) and models (MSISE-
90 and CIRA-86) in the altitude range of (a) 30–40 km, (b)
40–50 km, (c) 50–60 km and (d) 60–70 km over Mt. Abu re-
spectively.

higher temperature than autumn equinox (March-April).
Very strong cooling is found during winter months.
HALOE temperatures also show a weak SAO. Quantita-
tively, there are significant differences between Lidar and
HALOE temperatures. However, CIRA-86 and MSISE-90
temperature do not show prominent seasonal variations;
they differ significantly from each other. CIRA-86 tem-
peratures are about 5 K cooler than that of MSISE-90
temperatures.

In this altitude region ∼60–70 km, Lidar observed tem-
peratures exhibit very strong seasonal variation (∼226–
239 K). A clear and strong signature of SAO is present
with equinoctial maxima. In contrast to the temperature
variation in 50–60 km, autumn maximum is at higher tem-

perature than vernal maximum. However, strong winter
cooling is observed from Lidar but weaker than that of
50–60 km altitude region. HALOE temperatures also re-
veal signatures of SAO but overall monthly mean temper-
ature are significantly cooler (∼12 K) than that of Lidar
temperatures. Furthermore, prominent temperature dif-
ferences (up to ∼8 K) are found between CIRA-86 and
MSISE-90 model temperatures. MSISE-90 shows annual
oscillation with maximum during winter; which is not re-
vealed by CIRA-86.

Seasonally averaged vertical profile data for winter
(December-February) and summer (April-June) are used
to study temperatures differences for local winter and
summer months over Mt. Abu. We have plotted the verti-
cal profile of seasonal (between winter and summer) differ-
ence temperature for Lidar (represented by solid red line),
HALOE (represented by dotted blue line), CIRA-86 (rep-
resented by dotted green line) and MSISE-90 (represented
by dotted magenta line) in Figure 5. The Red and blue ar-
rows are indicating the observed cooler temperatures from
Lidar and satellite in Figure 5, respectively. Lidar obser-
vations revealed very strong cooling during winter, with a
maximum of ∼13 K at an altitude of about 55 km over Mt.
Abu. HALOE observations also revealed a cooling (∼8 K)
during winter. Lidar observed cooling is about 1.5 times
stronger than that of HALOE. Moreover, the height of
the Lidar observed coolest region is ∼4 km higher than
the HALOE observed coolest region over Mt. Abu. It is
to be noted that the errors in the derived temperature are
very small (∼1–2 K) in this altitude region. Winter and
summer is very significant. Although, studies over mid-
latitudes [35] reported winter time cooling but the mag-
nitude of cooling over the Mt. Abu is higher than that of
mid-latitude.

Significant difference in winter and summer thermal
structures are also observed from Lidar as compared to
HALOE and Models in the lower height region (35–
45 km). Nevertheless, temperatures differences from Lidar
are very small at 40 km, HALOE and Models revealed
cooling of about 5 K. In the upper mesosphere also Lidar,
HALOE and models revealed higher temperature during
winter. HALOE and models are showing very strong warm
winter than Lidar observed winter over Mt. Abu.

3.2 Stratospheric temperature and its association
with Ozone

Seasonal variation of ozone over a sub-tropical location
Mauna Loa [36] also showed lower ozone concentration
during winter months. Middle atmospheric ozone and
waves have profound effect on the thermal structure and
vice versa. During winter months’ planetary wave activ-
ity is strong and while propagating from lower to middle
atmosphere, it modulates atmospheric temperature struc-
ture [37,38]. Therefore, we have plotted the monthly mean
columnar ozone density over Mt. Abu during 1997–2001
in Figure 6a and also plotted the scatter plot of the strato-
spheric temperature and ozone to see their association
with each other in Figure 6b. We have observed a good
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Fig. 5. Winter and summer time temperature differences ob-
served from Lidar and HALOE on board UARS over Mt. Abu.
The red and blue arrows are indicating observed cooler tem-
peratures during winter from Lidar and satellite, respectively.
Temperature differences during winter and summer for CIRA-
86 and MSISE-90 model are also shown in figure.

correlation between temperature and ozone (r2 = 0.61) in
Figure 6b which is further strengthens the fact that ozone
plays a very vital role in stratospheric thermal structure
over a sub-tropical location [37,39]. Temperature affects
ozone concentration, as in its formation and/or loss, many
reactions rates are temperature sensitive. Therefore, ozone
and temperature are highly interlinked in the middle at-
mosphere. Recently, association of the stratospheric ther-
mal structure with the ozone distribution using chemistry-
climate model (CCM) is also explored [40]. They validated
ozone and temperature fields using estimates based on ob-
servations. Their ozone-change experiments revealed that
the thermal structures of the general circulation model
(GCM) and CCM respond in a similar manner to ozone
differences between 1980 and 2000. Ozone variability is
more sensitive to changes in the temperature and vice
versa in the tropical and subtropical regions; possibly due
to its lower concentrations (∼250 DU) in these regions.

Stratosphere and mesosphere have an entirely different
thermal structure (positive/negative temperature gradi-
ent). Therefore, associated geophysical processes in these
regions are also different. Stratosphere is very stratified
and less turbulent due to its stable thermal structure and
mesosphere is turbulent due to negative temperature gra-
dient. Stratospheric processes are strongly coupled with
the stratospheric ozone due to maximum ozone in this re-
gion (at ∼27 km). In order to comprehend stratospheric
processes, the study of ozone, its association with temper-
ature, and their interdependence, is indispensable [41,42].
Stratospheric thermal structure has strong imprint of
ozone and it is possibly steered by the heating caused by
UV absorption by the stratospheric ozone [41,42].

Fig. 6. (a). Monthly mean columnar ozone density in Dobson
units (DU) from Total Ozone Mapping Spectrometer (TOMS)
over Mt. Abu. (b) Correlation between stratospheric tempera-
ture (∼32–46 km) and ozone during 1997–2001.

4 Discussion

Middle atmospheric temperature climatology gives new
insights in the middle atmospheric characteristics as high-
lighted previously. An annual and semiannual cycle is
dominant at mid-latitudes and lower latitudes respec-
tively. In the present study, we found signature of quasi
annual cycle with minimum temperature during winter
and higher temperature during equinoxes. The observed
downward propagating temperature trend in the meso-
sphere points out the dominant wave driven pattern, in
contrast with the vertically stationary behavior observed
below 45–50 km. Similar finding has been reported from
the Lidar observations at Mauna Loa another sub-tropical,
high altitude station in the northern hemisphere. Maxi-
mum variability in the mesosphere is observed in winter
over Mt. Abu which is due to (a) maximum planetary
wave activity in winter and (b) due to the occurrence of
the MTI.

The systematic deviation in the Rayleigh Lidar tem-
perature climatologies were observed in comparison to the
CIRA-86 and MSISE-90 models over Mt. Abu, which are
similar (cooler stratopause regions in the winters) to the
previous comparisons at mid-latitude [43,44]. In particu-
lar, cold temperatures in the CIRA-86 model lead to a
large difference of more than 12 K around 70-75 km com-
pared to Lidar results. This could be due to an overes-
timation of non-local thermodynamic equilibrium effects
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in the computation of the CIRA-86 temperatures and
MTI. On an annual basis CIRA-86 temperatures seem to
be too warm around 55–60 km and too cold between 60
and 75 km. Using too cold CIRA-86 temperatures at 80–
90 km for initialization can lead to temperature errors at
the very top of the Rayleigh Lidar profiles. In this context
the model needs to be improved by using more observa-
tional input from sub-tropical locations.

It is more likely that the observed departure in the
middle and upper mesosphere is related to tidal effects
and/or the mesopause thermal SAO over Mauna Loa. The
amplitudes of 1–5 K were predicted by tidal models [45].
The climatology presented in this paper was obtained us-
ing composite temperature profiles from five years of mea-
surements. Non negligible interannual variability may dis-
turb the temperature field from year to year. However, the
features observed in previous climatologies [43,46] remain
small compared to the seasonal variations observed over
Mt. Abu. Stratospheric cooling and warming are associ-
ated with the concentration of ozone and CO2 [47,48].
Reasonably good correlation (r2 = 0.61) is found in
the observed stratospheric temperature and total column
ozone over Mt. Abu which shows an admixture of trop-
ical and mid-latitude processes and also the association
of ozone production/loss with the temperature over the
observational site. It is also reported that there is cir-
cumstantial evidence that the stratospheric temperature
oscillations (heating or cooling) could be driven by the
meridional winds, which in turn could be generated by
wave generation and interaction [49] and concluded with a
statement, “more definite conclusion, however, must await
simultaneous coordinated temperature and wind measure-
ment at common altitudes”. However, it is worth noticing
that two maxima appearing in the 54–65 km during April-
May and September-November over Mt. Abu are in cor-
roboration with the secondary maximum in gravity wave
activity observed in the mid-latitudes [50]. Part of the vari-
ability of monthly averages and climatology over Mt. Abu
can be explained by mesoscale fluctuations with temporal
and spatial scales long enough and not filtered out on sin-
gle observation session during a night. Gravity waves are
primarily responsible for these short-scale and short-term
fluctuations [51]. As nightly mean profiles are used in this
study, therefore it is rather not possible to explain role
of gravity waves in the shorter period fluctuations. This
is mainly due to natural day to day variability of gravity
wave activity induced by changes in low level forcing and
mean winds [50].

Observations over Mt. Abu revealed that the average
height of stratopause is ∼48 km which is in agreement
with observed mean height of stratopause at Gadanki [2]
and with rocket measurements from Trivandrum [15]. The
spread in stratopause height is about 9 km over Mt. Abu
and the spread has a maximum of about 12 km in win-
ter and ∼6 km in summer. Observed stratopause tem-
peratures over Mt. Abu are higher than those are at
Gadanki [52]. This is attributed to enhanced orographi-
cally generated waves. These waves have significant con-
tribution in causing double stratopause and in modulating

temperatures structure. Present study clearly brought out
that there is significant difference in the Lidar and satellite
observed temperatures in the middle atmosphere. Com-
parison with empirical models (CIRA-86 and MSISE-90)
also revealed prominent difference between Lidar observed
and model temperatures. The retrieval methodology of
temperature is different for Lidar and models and to a cer-
tain extent this can contribute in the observed difference
between observations and model. The spatial and tempo-
ral geophysical effects could also be played an important
role in the observed discrepancies in the temperature over
the site.

5 Summary and conclusions

Temperature climatology has been established in the al-
titude region of 30–75 km using Rayleigh Lidar data over
Gurushikhar, Mt. Abu a sub-tropical high altitude site in
the western India. A significant month to month difference
is observed in the temperature climatology over the ob-
servational site. The stratopause altitude varies between
44 and 52 km with a mean value of ∼48 km and also
stratopause temperature varies between 260 and 280 K
with a mean value of 271 K. Both the stratopause height
and temperature are lowest during winter months. Win-
ter is about 12 K cooler than the summer in the height
range ∼45–65 km. A cold winter pool is found in alti-
tude region of about 45–60 km and in both the equinoxes
warm temperature pool with upward and downward prop-
agating tendencies is also observed. Good correlation be-
tween total column ozone and stratospheric temperature
is found over Mt. Abu which implies that the temper-
ature plays an important role in the production/loss of
the stratospheric ozone. This is first observational evi-
dence from sub-tropical region that the temperature cli-
matology over Mt. Abu is closer to the climatological
features of mid-latitude rather than low latitude. Most
important finding of the present study is the detection
of profound cooling in the upper stratosphere and lower
mesosphere during winter over Mt. Abu. Satellite obser-
vations and models predictions have not revealed such a
strong cooling. It is envisaged that the observed cooling
could affect the middle atmospheric chemistry; as many
of the rate constants are temperature dependent and sce-
nario of ozone recovery and/or loss may also be affected
in these regions. Besides climatological aspects of tem-
perature, present study is also significant in view of in-
creasing thrust on stratospheric-tropospheric coupling and
its possible implication on the tropospheric ozone bud-
get, which is modulated by the stratospheric ozone intru-
sions [53,54]. The use of such a complete climatology is im-
portant for many purposes such as providing a reference
atmosphere for models, validation of satellite based in-
struments, and overall comprehension of the strongly cou-
pled lower-middle-upper atmosphere, etc. With the recent
and future development of ground-based Lidar network in
India, a comprehensive climatology of the middle atmo-
spheric temperature in the low and sub-tropical latitude
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ought to be available in the coming years and will be ex-
tremely useful in improving models predictability.
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