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Abstract. Measurements of atmospheric temperature pro-
files in the troposphere and lower stratosphere were made
over Thumba Equatorial Rocket Launching Station (TERLS)
(8.5◦ N, 76.9◦ E) during a partial solar eclipse (22 July 2009)
and an annular solar eclipse (15 January 2010). It was ob-
served that during the partial solar eclipse, the temperature
decreased by 2–3◦C in the vicinity of the tropopause and in
the lower stratosphere the temperature increased by∼2.6◦C
during the maximum phase of the partial solar eclipse. Dur-
ing the annular solar eclipse, a temperature reduction of
∼2◦C was observed around the tropopause. This study also
revealed a feature of delayed effect in the form of a very in-
tense warming of∼8◦C at 18 km after about 4 h of the annu-
lar solar eclipse. The Cold-Point Tropopause (CPT) temper-
ature increased slowly before the beginning of the eclipse (up
to 10:00 IST) and during the maximum phase of the eclipse,
the difference in CPT temperature and height was−3.5◦C
and ∼110 m, respectively, as that of the control day. Af-
ter the four hours of the eclipse, the CPT height had de-
creased by∼1.7 km and the CPT temperature increased by
∼4.6◦C. This is for the first time that the diurnal variation of
the tropopause has been reported during a solar eclipse day.
The present study, thus, provided an opportunity to inves-
tigate the temperature perturbations in the troposphere and
lower stratosphere during a partial and annular solar eclipse.
The highlight of the present results are (1) cooling of the en-
tire troposphere and lower stratosphere during the maximum
phase of annular solar eclipse, (2) an intense heating of the
lower stratosphere by 8◦C after nearly four hours from the
maximum phase of the annular eclipse, and (3) drastic varia-
tions in the diurnal evolution of the tropical tropopause char-
acteristics. The cooling effect is attributed to the radiative re-
sponse of the atmosphere to the solar eclipse, where as heat-
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ing is attributed to the dynamical response of the atmosphere
to the solar eclipse. These results may have important impli-
cations in understanding the response of the atmosphere to
the radiative, as well as dynamical, perturbations caused by
any celestial or terrestrial disturbances.

Keywords. Meteorology and atmospheric dynamics
(Mesoscale meteorology; Tropical meteorology; General or
miscellaneous)

1 Introduction

A Solar eclipse is one of the most spectacular astronomi-
cal phenomena which occur when the Moon covers the Sun,
casting its shadow on the Earth and it inspires meteorologists
to conduct special investigations. Eclipses are connected
with the rapid and short time, impulse-like decrease of solar
energy flux reaching the area of its visibility, which can be
exactly predicted before the occurrence of the phenomenon
(Stoev et al., 2005; Krumov and Krezhova, 2008). It also
provides a unique opportunity for meteorologists to study the
response of the atmosphere or biosphere to the sudden turn
off/turn on of the incidental solar radiation during and after
the solar eclipse. There are a number of studies and observa-
tions made during the solar eclipses (Nymphas et al., 2009,
and references therein) which include observations of me-
teorological parameters, such as wind speed and direction,
air temperature, atmospheric pressure, humidity (Anderson
et al., 1972; Szalowski, 2002; Dolas et al., 2002; Krishnan et
al., 2004; Nymphas et al., 2009), gravity waves (Chimonas
and Hines, 1971; Singh et al., 1989; Zerefos et al., 2007),
ozone measurements (Chakrabarty et al., 1997; Zerefos et
al., 2000; Tzanis et al., 2008) and heat and momentum fluxes
within the boundary layer (Krishnan et al., 2004). The im-
pact of a solar eclipse on atmospheric and surface tempera-
ture has been widely reported in the literatures (Kolarz et al.,
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2005; Founda et al., 2007; Nymphas et al., 2009). The so-
lar eclipse event provides an excellent opportunity to study
the temporal response of the atmosphere to an abrupt change
in solar radiation. In India, many studies reported the ob-
servations of metrological parameter changes during the so-
lar eclipse (Eliot, 1900; Agarwal, 1980; Appu et al., 1997;
Singh et al., 1989; Dutta et al., 1999; Dolas et al., 2002; Kr-
ishnan et al., 2004). The observations at one hundred and
fifty four meteorological stations in India recorded during
the solar eclipse of 22 January 1898, have been discussed
and published by Eliot (1900). The author discussed the lat-
itudinal changes of temperature from 12◦ N to 20◦ N at the
time of maximum obscuration and noted that the tempera-
ture of the air diminishes in proportion to the obscuration and
amounted to 8◦C in the interior of India near the path of to-
tal eclipse. Observations made during the solar eclipse of 24
October 1995, at Thumba Equatorial Rocket Launching Sta-
tion (TERLS) (8.5◦ N, 76.9◦ E), revealed a strong warming
of the lower stratosphere towards the end of the solar eclipse
(Appu et al., 1995). Dolas et al. (2002) reported changes in
wind speed during the eclipse with minimum value during
totality but without much change in wind direction. Niranjan
et al. (1997) observed sharp increases in the UV flux after the
last two hours of contact of the eclipse on 24 October, 1995.
These authors attributed the observed increases in ground-
based UV flux to the reduction of stratospheric ozone.

In the present study, we report the observations of two ce-
lestial events; the partial solar eclipse of July 2009 and the
annular solar eclipse of January 2010 over TERLS. On 22
July 2009, a partial solar eclipse occurred during the early
morning hours at 05:30 IST and another one, an annular so-
lar eclipse on 15 January 2010 which had maximum obscu-
ration at 13:00 IST hrs in the afternoon and was visible along
the band of∼300 km over TERLS. These events, especially
the annular one which is unique due to its long duration and
noontime occurrence, provided an excellent opportunity to
measure the temperature and its variations in the atmosphere.
The novelty of the present study lies in showing the response
of the troposphere and lower stratosphere not only during the
maximum phase of the eclipse, but also after a few hours of
the eclipse, which shed light on the dynamical response of
the atmosphere to the eclipse-induced temperature perturba-
tions. Section 2 describes the experiments and data. Results
are presented in Sect. 3 followed by discussion and the con-
clusions in Sect. 4.

2 Experiments and data

A campaign mode of multi-instrument observations was car-
ried out at TERLS on 22 July 2009 during a partial solar
eclipse and with a control day observations on 23 July 2009.
Again, observations were carried out on 15 January 2010
during the annular solar eclipse with a control day obser-
vations on 14 January 2010. A total of five balloon flights

Fig. 1. Details of the balloon launch timings and its height coverage
during partial solar eclipse of July 2009 and annular solar eclipse
January 2010.

carrying Pisharoty GPS sondes were launched on the par-
tial solar eclipse day of 22 July and on the control day of
23 July 2009. Since the balloon launched at 05:30 IST on
22 July 2009 burst at∼18 km, a repeat launch was made
at 06:04 IST and another flight at 07:30 IST to study the
delayed effects of eclipse, if any. The millennium annu-
lar solar eclipse occurred on 15 January 2010 and maxi-
mum obscuration at TERLS was in the midday afternoon
around 13:14 IST, while air temperature and turbulent activ-
ity were usually high. A total of eight meteorological bal-
loon flights carrying Pisharoty sonde at 08:00, 10:00, 12:30
and 14:20 IST with four on the control day (14) and four on
the eclipse day (15) of January 2010 were launched. Figure 1
provides the details of balloon flights launched in connection
with two eclipse events. The important atmospheric param-
eters such as humidity, pressure, temperature and wind right
from surface to∼35 km altitude were measured from each
flight. The annular eclipse at Thumba began at 11:04 IST
and the annularity started at 13:10 IST. The maximum phase
of the annularity was at 13:14 IST and the ending of annular-
ity was at 13:17 IST. The end of the eclipse was at 15:05 IST.
The total duration of annularity was 7 min and 16 s.

The above-mentioned observations were supplemented
with the high resolution GPS sonde flights carried out by In-
dia Meteorological Department (IMD), Trivandrum daily at
05:30 and 17:30 IST. The present study focuses mainly on the
temperature perturbations associated with the eclipse events
in 2009 and 2010. The height profile of the mean-removed
temperature fluctuations for each flight was derived for two
separate eclipse events. The perturbations in the tempera-
ture profile during the eclipse compared to that on the con-
trol day were used to study the eclipse induced effects and
the delayed effects of the eclipse. The temperature fluctua-
tions were found to be more in the upper tropospheric-lower
stratospheric region. The height profiles of temperature
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Fig. 2. (a)The height profile of the temperature in the 0–35 km region on 22 July 2009 at 05:30 (black), 06:45 (red) and 07:30 (blue) IST and
on the control day of 23 July at 06:45 (green) and 07:30 (magenta) IST.(b) Temperature fluctuation profiles on eclipse (22) and control day
(23) of July 2009.(c) Temperature fluctuation profiles at 06:45 (red) IST on eclipse day and mean fluctuation profile with standard deviations.
(d) The height profile of the temperature at 05:30 IST on the eclipse day and mean temperature with standard deviation of non-eclipse days
(1–21 and 23–31 July 2009) from IMD observations.

fluctuations in the mid-troposphere, tropopause and in the
lower stratosphere regime were subjected to the wavelet anal-
ysis to find the vertical scale sizes of temperature fluctua-
tions. The results from these analyses are presented in the
next section.

3 Results and discussions

3.1 Partial solar eclipse during 22 July 2009

The temperature structure in the tropospheric-stratospheric
region was measured during a partial solar eclipse event of
July 2009 by making use of high altitude balloon flights
along with measurements on control days. Figure 2a shows
the height profile of temperature in the 0–35 km region on
22 July 2009 at 05:30 (black), 06:45 (red) and 07:30 (blue)
IST and that on the control day of 23 July at 06:45 (green)

and 07:30 (magenta) IST. Figure 2b shows the temperature
fluctuation profiles on the eclipse (22) and control day (23)
of July 2009. The temperature profile at 05:30 IST on July
2009 is available only up to 18 km since the balloon burst
at that height. The temperature fluctuations profile on the
eclipse day at 06:45 IST shows not much variation as com-
pared to the control day at the same time. This can be clearly
seen in Fig. 2c, which shows temperature fluctuation pro-
files at 06:45 (red) IST on eclipse day and mean of all three
temperature fluctuations (at 07:30 IST on the eclipse day and
at 06:45 and 07:30 IST on the control day) along with stan-
dard deviations. Right from surface to lower stratosphere,
temperature fluctuations were within the standard deviation.
During the partial solar eclipse of 2009, the temperature de-
creased by∼2◦C at around the tropopause level and temper-
ature inversion was observed just above the tropopause. This
kind of temperature structure has been reported by Dalaudier
et al. (1994) in the lower atmosphere (at least up to 25 km)
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Fig. 3. (a)Height profiles of temperature at 08:00, 10:00, 12:30 and 14:20 IST on 14 and 15 January 2010 with different colours.(b) Height
profile of temperature during the eclipse time (12:30 IST) compared with the mean of all other temperature profiles on non-eclipse timings
along with standard deviations.(c) Mean-removed fluctuations on the control day (14) and eclipse day (15) of January 2010 at 08:00, 10:00,
12:30 and 14:20 IST.(d) Temperature fluctuation profile at 12:30 (red) IST on the eclipse day and mean for all other fluctuation profiles
along with standard deviations.

along with the presence of very strong temperature sheets
with in a very thin layer. It is further confirmed from Fig. 2d,
which shows the height profiles of temperature at 05:30 IST
on the eclipse day and mean temperature with standard devia-
tion of non-eclipse days (1–21 and 23–31 July 2009) derived
from IMD, balloon flights at Trivandrum. The temperature
changes at the tropopause level was observed in this profile,
also similar to that observed in Fig. 2a at 06:45 IST on the
eclipse day. Unfortunately, on 22 July 2009, IMD flight only
provided temperature information up to∼20 km altitude as
well.

3.2 Annular solar eclipse during 15 January 2010

The annular solar eclipse of 2010 started at 11:04 IST and
ended at 15:05 IST over TERLS on 15 January. Figure 3a
shows the height profile of temperature at 08:00, 10:00,
12:30 and 14:20 IST on 14 and 15 January 2010 with dif-

ferent colours. The temperature profile at 12:30 (red) IST on
15 January 2010 shows a cooling in the upper troposphere
and in the lower stratosphere, as seen in enlarged graph in
Fig. 3a. This feature is more clearly brought out in Fig. 3b,
where the height profile of temperature during eclipse time
(12:30 IST) compared with the mean of all other temperature
profiles on non-eclipse timings along with standard devia-
tion. It can be clearly seen from the figure that distinct cool-
ing took place in the 12–18 km and above 20 km. The mean-
removed fluctuations on control day (14) and eclipse day (15)
of January 2010 at 08:00, 10:00, 12:30 and 14:20 IST are
shown in Fig. 3c. It is clearly seen that a cooling of 2–8◦

occurred in the 7–28 km height region during the eclipse pe-
riod compared with all other temperature fluctuations on 14
and 15 January 2010. Temperature fluctuation profiles on the
control day shows diurnal/day-to-day variation of∼3◦C, but
the temperature fluctuation profile at 12:30 (red) IST on the
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Fig. 4. (a) Temperature profile measured at 17:30 IST on eclipse
day and mean of measurements at 17:30 IST on non-eclipse days
(1–14 and 16–30 January 2010) along with standard deviations.
(b) Temperature fluctuations on eclipse day (black) and on mean
fluctuations in the month of January excluded on eclipse day along
with standard deviation.

eclipse day shows a remarkable decrease of 2–8◦C in the 17–
28 km region. The decrease in temperature was∼2–4◦C in
the lower and upper troposphere, whereas in the lower strato-
sphere the temperature was decreased by∼6–8◦C during the
maximum phase of the eclipse. The decrease in the temper-
ature fluctuation can be attributed to the cooling in the atmo-
sphere due to the sudden cut off of solar radiation. From the
same figure, it is seen that towards the end of the eclipse at
14:20 IST on 15 January 2010, the temperature slowly came
back to its normal position, except in the lower stratosphere,
where the difference in temperature fluctuation was beyond
the diurnal temperature fluctuations shown by the profile at
14:20 (grey) IST on the eclipse day. Figure 3d shows the tem-
perature fluctuation profile at 12:30 IST on the eclipse day
and mean of all other temperature fluctuation profiles along
with standard deviation. Cooling of∼2–8◦C is clearly ob-
served in 7–28 km height region. Figure 4a shows the tem-
perature profiles measured at 17:30 IST on the eclipse day
and mean of measurements at 17:30 IST on non-eclipse days
(1–14 and 16–30 January 2010) along with standard devia-
tions. A remarkable increase in temperature is seen around
15–20 km. Figure 4b shows the temperature fluctuations on
eclipse day, compared with the mean temperature fluctua-
tion along with standard deviations on all non-eclipse days
at 17:30 IST. There is an increase in temperature of∼6◦C in
the 18–19 km height region on 15 January compared to other
days. It can be noted that unusual strong warming of∼8◦C
seen as a delayed effect due to the eclipse is significant in
the lower stratosphere, whereas such warming is not seen in
the tropospheric region. Appu et al. (1997) observed strong

cooling in the tropospheric level after about three hours of the
eclipse on 24 October 1995. Earlier observations at TERLS
by balloon and rocket flights in connection with the partial
solar eclipse of 16 February 1980, which occurred at local
noon time, could reveal warming of 10◦C around 30 km and
cooling of 9◦C in the upper troposphere after three to four
hours of the eclipse (Appu et al., 1982). Each solar eclipse
event is unique with its characteristics, like its occurrence
of time, duration, percentage of maximum obscuration, etc.,
which can result in variations in thermal and dynamical re-
sponse of the atmosphere.

Figure 5a and b shows the Cold-Point Tropopause tem-
perature (CPT) and height variations on the eclipse (15 Jan-
uary) and control day (14 January), respectively. The di-
urnal variation in the CPT temperature on control day (14
January) can be clearly seen in Fig. 5a. In the case of the
eclipse day (15 January) from 05:30 IST to 10:00 IST, CPT
temperature varies as on the control day, but at the time of
maximum obscuration, the CPT temperature suddenly drops
by ∼4◦C compared to that on the control day. After that,
the temperature increases pre-eclipse value and starts de-
scending slowly following the diurnal pattern. The height
of CPT is found to descend down by∼110 m, and∼400 m
at 12:30 and 14:20 IST, respectively, due to the eclipse ef-
fect and after the eclipse the CPT height is found to decrease
by ∼1.7 km from 17.8 to 16.1 km at 17:30 IST. The variation
in the CPT temperature was about∼4◦C around maximum
obscuration with its pattern changed from the usual diurnal
variations. Randhawa (1970) observed that the tropopause
and lower stratospheric temperatures were also lower than
those observed during eclipse compared to the control day.
The present analysis also showed a delayed effect of eclipse
on CPT height and temperature.

The maximum warming of 8◦C observed in the present
study at∼18 km could indicate the occurrence of maximum
downward motion at that level as a delayed effect of eclipse.
Wang and Liu (2010) recently reported warming of the 7◦C
at 17 km altitude in the lower stratosphere and cooling of
2◦C in the troposphere. These authors attributed the warm-
ing to the eclipse-induced downward motion, which adiabat-
ically heats the lower stratosphere, resulting in the warming
of that region. These adiabatic compressions also can lead
to lower the CPT height. The tropopause height can increase
because of the cooling in the stratosphere and warming in the
troposphere (Lorenz and DeWeaver, 2007). In addition to a
rise in the tropopause height, climate models simulate the
increase in upper level zonal wind and eddy kinetic energy,
which appears to be associated with the rise in tropopause
height (Kushner et al., 2001; Raisanan, 2003). Also the CPT
height and temperature can vary with season and its loca-
tion (e.g., Seidel and Randel, 2006; Fueglistaler et al., 2008;
Gettelman et al., 2009). Study on variations of tropopause
height using MST radar observations has shown that the day-
to-day variation in CPT height is∼1 km (Das et al., 2008).
Gettelman et al. (2009) using theoretical and observational
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Fig. 5. CPT(a) temperature and(b) height variations on eclipse day (15 January) and on a control day (14 January).

studies have shown that the variation in CPT height might
be due to the decrease in tropopause pressure resulting from
stratospheric cooling or tropospheric warming and a change
in greenhouse gas forcing. The observed decrease in the CPT
height in the present study without much change in the tropo-
sphere can be attributed to the changes around the tropopause
resulting from adiabatic compression of the atmosphere due
to the solar eclipse. This is the first time that the diurnal
variation of tropical tropopause is reported during the solar
eclipse.

3.3 Wavelet power spectra of temperature fluctuations

The wavelet transform can be used to analyse time series
that contain non-stationary power at many different frequen-
cies (Daubechies, 1990). For this study the morlet (mother
wavelet) was selected, since it has been proven to be suitable
for the analysis of atmospheric fluctuations (Kumar, 2007).
Figure 6a and b shows the Morlet wavelet spectra of the ver-
tical profile of temperature fluctuation during eclipse time at
06:45 IST on the control day (23 July) and eclipse day (22
July) of the 2009 partial solar eclipse event. Short scale per-
turbations in the lower troposphere and lower stratosphere
are seen on the eclipse day compared to the control day. En-
hancement of 5–6 km vertical wavelength structure extend-
ing towards lower stratosphere on the eclipse day is clearly
seen compared to the control day. In Fig. 6b, a pronounced
shorter scale wavelength is seen in the 0–2 km height region,
unlike that on the control day. An enhancement in ampli-
tudes of 12–14 km vertical wavelength on the eclipse day is
also observed. Figure 6c and d shows the wavelet spectra of

height profiles of temperature fluctuations at 12:30 IST on the
control day (14) and the eclipse day (15) for the annular solar
eclipse event on January 2010. Distinct features like pres-
ence of short and large scale structures are seen during the
eclipse event with increased amplitudes. Shorter scale fluc-
tuation of 2 km vertical wavelength was at 21–23 km height
region on the eclipse day, which was not seen on the control
day. A vertical wavelength of 6 km is found to be present in
the 15–32 km height region. The enhancement in amplitude
of 12–14 km vertical wavelength on the eclipse day was also
observed compared to the control day. These vertical struc-
tures in temperature fluctuations are believed to be due to the
gravity waves excited by the thermodynamical imbalance in
the atmosphere induced by the eclipse. However, one should
have continuous observations of geophysical parameters for
better characterisation of gravity waves.

4 Concluding remarks

Two field campaigns were carried out to study the response
of the Earth’s atmosphere to a partial solar eclipse and to
an annular solar eclipse. The present study focused on the
changes in the thermal structure of troposphere and lower
stratosphere during these two celestial events. During the
partial solar eclipse of 2009, the temperature observations
showed a decrease of∼2◦C at around tropopause level. Dur-
ing the annular solar eclipse of 15 January 2010, the cool-
ing by ∼2–8◦C is observed in the troposphere and lower
stratosphere with∼4◦C cooling around the tropopause and
∼6–8◦C in the lower stratosphere at the maximum phase of
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Fig. 6. Wavelet spectra of temperature fluctuations at 06:45 IST on
(a) control day (23 July) and(b) eclipse day (22 July) of partial
solar eclipse of 2009.(c) and (d) same as(a) and (b) but for the
annular solar eclipse of January 2010 at the maximum phase of the
eclipse time at 12:30 IST.

the eclipse. The present study also showed a strong warm-
ing of ∼8◦C in the lower stratosphere after four hours of
the eclipse, which is attributed to the compression of the at-
mosphere due to the eclipse induced thermal perturbations.
Apart from these, the height of CPT was lowered by∼110 m
and∼400 m at 12:30 and 14:20 IST, respectively, due to the
eclipse and lowered by∼1.7 km from 17.8 to 16.1 km at
17:30 IST after the eclipse. The variation in the CPT temper-
ature was about∼4◦C around maximum obscuration with its
pattern changed from usual diurnal variations. The wavelet
spectral analyses of the height profiles of the temperature
fluctuations revealed the presence of gravity waves with ver-
tical wavelengths in the range 2–6 km and 12–14 km, which
could be attributed perturbations associated with the eclipse.
The evidence for the gravity wave type of perturbations in the
tropospheric-lower stratospheric region and their character-
istics features are revealed from the wind observations dur-
ing 2009 and 2010 eclipse events and will be reported sub-
sequently. Thus, the present study brought out the changes

observed in the thermal structure of troposphere and lower
stratosphere during and after the eclipse. The changes ob-
served during the eclipse are directly attributed to the radia-
tive response of the atmosphere, whereas changes observed
after the eclipse are attributed to dynamical response of the
atmosphere.
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