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LONG TERM TRENDS IN THE THERMAL 
STRUCTURE OF THE MIDDLE ATMOSPHERE 
OBTAINED FROM SATELLITE OBSERVATIONS 
OVER INDIA 

 
 
1.  The concentration of several greenhouse gases, in 

particular CO2, CH4, N2O and CFCs (Chlorofluoro-
carbons) are increasing due to anthropogenic activities. 
This is likely to warm the troposphere and cool the 
atmosphere above the tropopause (Roble, 1995). The issue 
of global change in the stratosphere and mesosphere has 
attracted the attention of scientific community only 
recently. To study the long term changes and trends in the 
stratosphere, SPARC (Stratospheric Process And their 
Role in Climate) has constituted STTA (Stratospheric 
Temperature Trend Assessment) Panel. This panel has 
made the detailed assessment of stratospheric temperature 
trends and reported a moderate cooling in the stratosphere 
(Ramaswamy et al., 2001). However for the mesospheric 
altitudes, study related to the detection of temperature 
trend is in the initial stage. During the past one decade, 
efforts to quantify the temperature trend in the 
mesospheric region have been accelerated and number of 
results are published (Golitsyn et al., 1996; Luebken, 
2000; Keckhut et al., 1999). The results reported for 
mesospheric temperature trends are diverse. Some authors 
have reported a very high cooling (Golitsyn et al., 1996) 
and some have reported no trend at all (Lubeken, 2000). 
Such discrepancies need to be resolved. Moreover studies 
related to temperature trend over the low latitudes are 
relatively sparse. A few authors have reported moderate to 
high cooling trend (Dunkerton et al., 1998; Beig and 
Fadnavis, 2001) based on Rocketsonde data. The aim of 
this paper is to study the long term trend in temperature of 
the middle atmosphere using the satellite based      
HALOE (version -19) data over the Indian tropical region 
and to compare these results with available results for this 
region. 

 
 
2. HALOE experiment is basically designed to 

monitor vertical distribution of several minor constituents 
and temperature (Marsh and Russell, 2000; Russell et al., 
1993). It is a satellite solar occultation experiment 
instrument launched aboard the Upper Atmospheric 
Research Satellite (UARS). Here the attenuation of the 
Sun's radiation by the limb of the atmosphere is measured 
as the sunrise and sunset relative to the satellite. The 

attenuated sunlight is measured in several infrared 
wavebands using wide band and gas cell correlation 
radiometry techniques. The UARS orbit has an inclination 
of 57 and a period of about 96 minutes. This results in 
HALOE viewing on average 15 sunrises and 15 sunsets 
each day. It sweeps from 80 S to 80 N in Latitude 
approximately every 30 days. 

 
 
 
Temperature vertical profile data (HALOE version 

19, Level-3AT) for the period October 1991 to September 
2001 has been used for this study. The HALOE 
temperature data available during this period for the 
altitude range from 33 km to 86 km (vertical resolution of 
about 2.5 km) for the Indian tropical region (0-30° N, 60-
100° E) has been decoded and retrieved for the analysis. 
For the altitudes 20 km to 34 km time series has been 
extended down using National Centers for Environmental 
Prediction reanalyzed data for this region. Sunrise and 
sunset measurements are combined and averaged for a 
day. Thus 339 days for sunrise events and 327 days for 
sunset events are obtained in the region considered. On 
each those days when satellite is passing through the 
selected latitude bin, 5-16 profiles are obtained. Days 
having less than 5 profiles are not taken into consideration 
due to statistical considerations. The monthly means have 
been calculated for statistical analysis. 
 
 

The Regression model used here is an extended and 
modified version of the model originally described by 
Stolarsky et al., (1991) and Ziemke et al., (1997). The 
extended model version is described in detail recently by 
us (Beig and Fadnavis 2001). The regression equation can 
be written as follows 
 
 

 
(t,m) = (m) + (m).t + (m).QBO(t) + (m). Solar (t) 

+ Residual (t)                            
(1) 

 
m   =   1,2,... 12;   t = 1,2,3,... N 

 
 

Where  is the time series of monthly mean 
temperature data points N. (m), (m),  (m), (m) 
represent 12 month seasonal, trend, quasi-biennial 
oscillation (QBO) and solar coefficients respectively and 
residual (t) is the noise time series. Model uses the 
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harmonic expansion to calculate coefficients  , , ,      
and . 
 

 (t) = A0 + A1 cos (1.2.dt/365.25)  
            +A2sin (1.2.dt/365.25) 
 

 
(12 months)

            +A3 cos (2.2.dt/365.25) 
            +A4 sin  (2.2.dt/365.25) 
 

 
(6 months) 

            +A5 cos (3.2.dt/365.25) 
            +A6 sin (3.2.dt/365.25) 
 

 
(4 months) 

            +A7 cos (4.2.dt/365.25) 
            +A8 sin (4.2.dt/365.25) 

 
(3 months) 

(2) 
 

Where A0, A1, A2 ……….. are constants. While 
calculating coefficients , , , and , 12 months,             
6 months, 4 months and 3 months variations are 
considered respectively. 

 
QBO (t) is the time series for Singapore zonal winds 

and Solar (t) is the time series of F10.7 solar index (The 
Ottawa 10.7 cm microwave flux) used as Solar proxies 
(Ziemke et al., 1997). It is assumed that the temperature 
would change linearly with increasing abundance of 
several greenhouse gases. To account for this a linear 
trend coefficient  (m) is considered in Eqn. (1). 
 

3.  Fig. 1 shows the vertical distribution of annual 
mean temperature values as obtained from HALOE 
measurements over the Indian region and Rocketsonde 
data over Thumba (8 N, 76.5 E) averaged for the period 
from 1971 to 1993. Both the data sets are found to agree 
well quantitatively and validate each other. A slight 
difference in magnitudes (not exceeding 5 K) may be 
attributed due to some factors like that of (i) Period of 
time series considered and (ii) Limited geographical 
coverage in Rocketsonde data as compared to satellite 
data, etc. However, this difference seems to be consistent 
in vertical profile and does not affect the trend detection. 
The maximum near stratopause is very well noticed in 
both the profiles of Fig. 1 which occurs near 50 km.        
Fig. 2 shows the time series of trend fit (in K/decade) 
(m) of temperature at two selected altitudes (viz. 32 km, 
75 km) as obtained from HALOE measurements. (m) is 
a linear coefficient and its value is representative of           
the product of monthly trends value and linearly        
varying numbers of time series which artificially         
create a wave like structure. It can be noticed from the 
Fig. 2. That a monotonic decrease in temperature is  
evident during the last 10 years in both the cases.          
The fluctuation in this figure also represents the seasonal 
variability. A least square fit in this time series provide  
the temperature trend in a given time series. For      
example  the  trend  calculated  for two different heights in  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.  Vertical profiles of Annual Mean temperatures (K) 

obtained from HALOE and Rocketsonde measurements 
over the Indian tropical region by averaging the complete 
time series considered in this work 

 
 
Fig. 2. indicates a cooling of 1.63 K/decade and             
4.99 K/decade for 32 and 75 km altitudes respectively. 
Similar analysis is carried out for each altitude for 
HALOE data and vertical distribution of temperature trend 
(K/decade) is calculated which is shown in Fig. 3. 
(profile 1). For the comparison, results obtained by Beig 
and Fadnavis (2001) and Keckhut et al. (1999) for tropical 
latitudes are also shown in Fig. 3 as profiles 2 and 3 
respectively. Vertical trends (profile 2) obtained by Beig 
and Fadnavis (2001) are from Rocketsonde measurements 
over the equatorial station, Thumba (8.32° N, 76.5° E) for 
the 23 years period (1971-93). The vertical trend profile 
obtained by Keckhut et al. (1999) is also from 
Rockesonde measurements (reported a mean annual trend 
averaged over the six sites from 8° S to 34° N) for the 
period 1969-91. The horizontal bars in this figure 
represent 2 standard deviation. Broadly, present results 
for stratosphere are found to be in good agreement, within 
the 2 error limit with that of other profiles (2 and 3) 
shown in Fig. 3. In general, present results indicate a 
cooling of the order of 1-2 K/decade in the stratosphere 
and 2-5 K/decade in the mesosphere. In the lower 
stratosphere,  HALOE  results  indicate  (~2 K/decade)  a  
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Fig. 2. Time series of trend fit function [(m)] as obtained from HALOE data at 32 km and 75 km 

 
 
 
 
slightly stronger cooling as compared to profiles 2 and 3. 
However in the upper stratosphere HALOE shows a 
decline in cooling as compared to lower stratosphere. A 
few authors have also attempted to deduce the temperature 
trend over the globe. Ramaswamy et al. (2001) made a 
detailed assessment of temperature trend in the 
stratosphere and reported an average cooling trend of 
around ~0.75 K/decade (20-30 km) in the Northern 
Hemisphere based on number of data sets. A Valley like 
feature where temperature trends are minimum or absent 
is observed in HALOE data in the upper stratospheric 
altitudes that is around 38-45 km. Beig and Fadnavis 
(2001)  have reported this feature around 42-50 km, This 
feature is not found by Keckhut et al. (1999), but they 
reported a cooling of 1.70.7 K/decade in 35-50 km 
region. In the valley like region, (i.e. in the altitude range 
of 38-45) HALOE shows cooling of ~0.7 K/decade and 
Beig and Fadnavis (2001) reported cooling trend of          
~0.5 K/decade (in altitude range of 42-50 km). In altitude 
range of 35-42 km Beig and Fadnavis (2001) reported 
cooling of ~2 K/decade. Ramaswamy et al. (2001) 
reported cooling trend of ~2.5 K/decade around 30-50 
km. In the lower mesosphere the HALOE data shows 
relatively less cooling trends (~2 K/decade) as compared 
to the trends obtained by Beig and Fadnavis (2001)  and 
Keckhut et al. (1999). However, Keckhut et al. (1999) 
reported cooling trend of 3.30.9 K/decade near 60 km 
which agrees well with our results. Earlier Kokin          
and    Lysenko    (1994)    have   reported    a   cooling   of   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. The vertical profile temperature trends (K/decade) as 
obtained in this work using HALOE data. Results obtained 
by Beig and Fadnavis (2001) [profile 2] and Keckhut et al. 
(1999) [profile 3] for the tropical regions are also shown 
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Fig. 4.  Vertical structure of seasonal variations (monthly mean) of temperature trend (K/decade) for 
the entire altitude range (20-80 km) as obtained from HALOE data 

 

 

 
3-10 K/decade in mesosphere for low and mid latitudes, 
which is higher than that obtained in the present analysis. 
The reason for this discrepancies are reported earlier (Beig 
and Fadnavis, 2001). In the altitude range 65-75 km 
cooling trend increases steeply in HALOE, it reaches to 
~5 K/decade at 75 km. Beig and Fadnavis (2001) have 
also reported steep increase in cooling from 65 km onward 
and reported cooling trend ~5.5 K/decade at 70 km. 
However, Keckhut et al. (1999) did not find steep gradient 
and have reported a cooling trend of ~2-3 K/decade in 
the altitude range 65-75 km. 

 
Thus the above study shows that the vertical profiles 

of temperature trends obtained from satellite compare 
reasonably well with the profiles obtained by other 
workers (Beig and Fadnavis, 2001) and  Keckhut et al., 
1999). However, some differences in the results, (profiles 
1-3 in Fig. 3) can be seen which are attributed mainly due 
to the fact that HALOE data is considered for complete 
Indian region from 0-3 N, 60-100 E, whereas analysis of 
(Beig and Fadnavis, 2001) pertains to single equatorial 
station. In Keckhut et al., 1999) trends are obtained from 
an average of six tropical and subtropical Rocketsonde  
(8° S- 34° N) observations. In addition to this, length of 
data series and duration is different in all the three cases, 
which could perhaps be another reason for some of the 
discrepancies obtained in the vertical profile of 
temperature trends from the different data sets of  Fig. 3. 
However the range of vertical profiles of temperature 

trends in Fig. 3 lie well within the 2 standard deviation 
limit of each other. 
 

HALOE measurements are further analyzed to study 
the seasonal variations in the vertical structure of 
temperature trends. Fig. 4 shows the monthly mean 
temperature trends obtained for the 10 years period of 
HALOE data, over the altitude range of 20-80 km. In the 
lower stratosphere, cooling trends are observed during the 
months of January to March and then small warming trend 
till June and then again cooling trends are found for rest of 
the months. Maximum cooling is observed around 28 km 
during the months of September and October. Similar 
seasonal variations are found in the upper stratosphere but 
intensity of warming (positive trend) is more in May. 
Maximum cooling trends (~6-7 K/decade) are observed 
around 50 km in the months of April and May. Around  
70 km altitude (mesospheric heights) there is maximum 
cooling in April and May (~8 K/decade) and small 
warming trend around September. This is opposite to the 
nature of trends observed at stratosphere altitudes. Thus 
long term temperature trends are not constant through out 
the year but have strong seasonal variations. 

 
4.  The present study revealed that trends obtained 

from HALOE data shows cooling in the middle 
atmosphere. A cooling trend of about 2 K/decade is 
found in the stratosphere and 2-5 K/decade in the 
mesosphere. Vertical profiles of temperature trends 
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obtained from HALOE shows similar structure with 
comparable magnitude with vertical profiles reported by 
other workers for the tropical regions. Seasonal trend in 
HALOE measurements shows strong cooling in the 
months of January, February, September and October in 
the stratospheric altitudes. The April and May months 
shows maximum cooling trend in mesosphere. 

 
5.  The authors express gratitude to Dr. G. B. Pant, 

Director I.I.T.M., Dr. E. Raj, Dr. S. Kandalgaonkar and 
Dr. P. C. S. Devara for their encouragement during the 
course of this study. 
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SOME CLIMATOLOGICAL CHARACTERISTICS 
OF FOG OVER BHUBANESWAR AIRPORT 
 

1.  Fog is one of the important hazards to aviation 
activity. Bhubaneswar being the capital city of Orissa; is 
growing rapidly and has become one of the important 
Airports of India. According to climatology (IMD, 1999) 
based on the data of 1951-80, about 92% of the total fogs 
in a year occur during the period from October to March. 

Hence some climatological characteristics of fog during 
October to March are analysed. Fog at Bhubaneswar 
Airport is generally of radiation type. According to Rao 
and Srinivasan (1969), the noteworthy synoptic features 
associated with the fog over northeast India including 
Orissa, ahead of the western disturbance are                    
(i) south/southwesterly wind over Orissa, Gangetic West 
Bengal and Bangladesh in lower levels, (ii) an anticyclone 
over north Bay on the surface chart and (iii) considerable 
rise in dew point and minimum temperatures over          
the  land areas indicating the advection of warm  moist air.  
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