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Abstract 
 
 In this paper, it is shown that the altitude of the stratopause can be identified directly from the profile of the 
Bending Angle (α) of FORMOSAT-3/COSMIC radio occultation (RO) data instead of from the derived parameter of 
temperature which involves further assumptions and uncertainties. The altitude, in the height range of 40-60km, at 
which the gradient of the bending angle, α, approaches and remains close to zero for about 1-2 km above is defined 
as the radio stratopause, RSP. The RSP altitude is compared with the stratopause altitude derived from independent 
measurements of temperature by Lidar observations at two tropical stations. A fairly good agreement is observed 
between the stratopause altitudes from these two independent techniques. The present method offers a potential to 
study the global climatology of stratopause variations. 

 
1. Introduction 

 
 Recently, scientific attention to the roles of the stratosphere in climate system [1] has sparkled renewed 
interest to study the global climatology of stratopause. Trends and variations in global stratospheric temperatures 
and stratospheric heights are an integral part of the changes occurring in the Earth’s climate system. Study of the 
stratosphere and the stratopause height are weakly constrained by continuous and long term observations. Rocket 
and lidar data cover the altitude range from about the middle to the upper stratosphere and mesosphere.  
 
 The lidar measurements are being carried out at few places covering the altitude range from about the middle 
to the upper stratosphere and mesosphere. The Lidar measurements have good vertical resolutions. The Lidar 
measurements can be made at any time during the night and could constitute a potential source of uncertainty owing 
to tidal effects [2].  
 
 In the recent years GPS radio occultation (GPSRO) has emerged as a powerful technique for obtaining 
vertical profiles of atmospheric density, radio refractivity, pressure, temperature and water vapor in the neutral 
atmosphere and electron density and Total Electron Content in the ionospheric region with a high degree of vertical 
resolution and providing global coverage in all weather conditions.  
 
 The availability of global coverage of GPSRO provides a new perspective for simultaneous probing of 
troposphere, stratosphere and the ionosphere and offers a great potential for extensive and long-term studies of the 
stratosphere and stratopause variations.  
 
 The stratopause corresponds to the region of the Earth’s atmosphere that separates stratosphere and 
mesosphere. It is a transition layer where the temperature exhibits a reversal in its lapse rate. As the bending angle, α, 
depends upon temperature gradients (through refractive index), it can be expected that α shows sharp changes at and 
around the stratopause layer. Indeed, identification of the stratopause directly from bending angle profile instead of 
from the corresponding temperature profile is highly advantageous. In fact, temperature retrieval from a bending 
angle profile includes more assumptions and thus increases temperature uncertainty. The present paper shows that 
the stratopause altitude can be identified from the RO bending angle profile. 



 
2. Identification of Stratopause Altitude from the Bending Angle Profile 
 
Approximating ln(n)~(77.6/106 ) P/T and using the differential form of α as given by [3], 
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where ‘n’ is the radio refractive index, ‘p’ is the atmospheric pressure in mbar, ‘T’ is the temperature in K, ‘h’ is the 
altitude in km, and ‘φ’ is the angle between radio ray path and the radial direction. 
 
 The variation in tan φ with altitude is very close to zero and can be neglected. At and around the stratopause 
height, the pressure gradient dP/dh, is negligibly small. At the stratopause height, the temperature reaches a 
maximum value and hence the temperature gradient becomes zero. This is a unique region in the neutral atmosphere 
where pressure gradient and the temperature gradients are both close to zero. Thus the gradient of the bending angle, 
dα/dh approaches close to zero. This unique feature is used to identify the altitude of stratopause directly from the 
vertical profile of the bending angle obtained from FORMOSAT-3/COSMIC. The concept of identification of radio 
stratopause is somewhat similar to the identification of radio tropopause by [4]. 

  
 The refractive index of the ionosphere is related to the concentration of electrons and frequency of the 
propagating electromagnetic wave. While obtaining the bending-angle profile of the neutral atmosphere, the effect 
of the ionosphere is considered as noise to the signal. To remove the ionospheric effect, the traditional ionospheric 
calibration technique is applied to calibrate bending angles of the L1 and L2 signals.  

                                     
 Fractional Bending angle error at 60 Km due to incomplete calibration of the ionosphere during solar 
minimum daytime (nighttime) is -0.0025 (-0.0001) and during solar maximum daytime (nighttime) is -0.065 (-0.004) 
[5]. 
 
 The profile of the bending angle in the 40-60km altitude reveals a distinct region where α is uniform and 
remains close to zero for about 1 or 2 km. At this altitude, the gradient of α, dα/dh is very close to zero. Above and 
below this height region, the gradient of the bending angle is relatively larger.  From examination of a number of α- 
gradient and temperature profiles, the following criterion is evolved for identification of the stratopause height. The 
altitude, in the height range of 40-60 km, at which the amplitude of dα/dh (gradient of the bending angle) 
approaches and remains close to zero for about 1-2 km is defined as stratopause height. The stratopause identified in 
this manner from the profile hereafter is referred to as Radio Stratopause, RSP. 
 
3. Data Base 
 
 With a view to test the validity of the above method for identification of stratopause, Lidar experiments were 
conducted at Gadanki, India during January – July 2007. Lidar temperature data was collected during nighttime on 
the days of overpass of FORMOSAT-3/COSMIC over Gadanki or over Reunion within ±3º in latitude and longitude 
of the observing site. There are 17 such coincidences over Gadanki and are used for comparison between RSP and 
the stratopause altitude from the Lidar temperature measurements. 
 
 We have also conducted Lidar experiments at a southern tropical site, Reunion Island observatory 
(21ºS;55ºE). Following the latitude-longitude criterion mentioned above, we have obtained 25 simultaneous 
overpasses of FORMOSAT-3/COSMIC over Reunion Island during March-July 2007. 
 
4. Results and Discussion 
4.1 Comparisons over Gadanki 
 
 Typical example of identification of radio stratopause is shown in Figure 1. The figure shows the profiles of 
temperature measured by Lidar, and the bending angle, α, obtained from FORMOSAT-3/COSMIC on 27 March 
2007. The profiles of the gradient of the bending angle, dα/dh and the 11-point standard deviation are also shown in 



the Figure. From Lidar temperature profile, the stratopause is observed at 48.2 km. From the bending angle profile, 
one can observe that α is minimum at this attitude. It can also be seen from the profile of the corresponding gradient 
that dα/dh exhibits an oscillating structure around zero, with weak amplitudes in the 49-51 km altitude range. The 
last panel of the Figure shows a profile of 11-point standard deviation of the gradient of the bending angle.  The 
gradients of the bending angle at five altitudes above and below each altitude are taken and the standard deviation is 
estimated.  The altitude at which the standard deviation is minimum corresponds to the altitude at which the 
gradient of the bending angle is minimum and is identified as the stratopause height. Thus the altitude of the 
stratopause is located as 48.5 km which compares well with the stratopause height derived from the Lidar 
temperature profile (48.2 km). 
 
4.2 Comparisons over Reunion Island observatory. 
 
 In order to study the applicability of this technique at different latitudes, we have carried out the comparison 
at Reunion Island Observatory (21˚S˚;55˚E), a tropical station in the southern hemisphere. A typical example is 
shown in Figure 2. The stratopause altitude from Lidar temperature measurements and FORMOSAT-3/COMIC 
bending angle gradient profiles observed on September 4, 2007 are indicated by dot and asterisk symbols 
respectively.  It can be seen that from the Lidar temperature measurements the stratopause altitude is located at 48.5 
km and from the profile of the 11 point standard deviation of the gradient of the bending angle, RSP is identified at 
48.9 km. 
 
 We further compared the RSP altitude with the stratopause altitude from Lidar temperature profiles over 
Gadanki and Reunion Island during the overpasses of COSMIC from January to July 2007. A fairly good 
comparison is seen at both the tropical stations. 
 
5. Conclusion 
 
 The radio bending angle profile from the satellite based RO experiments such as FORMOSAT-3/COSMIC 
can be used directly to identify the stratopause instead of from the retrieved temperature profiles which involve 
further assumptions and uncertainties. The altitude gradient of the bending angle (α’) exhibits distinctly identifiable 
minimum at the stratopause height in the altitude range of 40-60 km. The stratopause thus identified from the radio 
bending angle is termed as Radio Stratopause (RSP). Comparisons of altitudes of RSP and the stratopause altitude 
from lidar temperature profiles at two tropical stations, one in the northern hemisphere and the other in the southern 
hemisphere reveal, in general, a good agreement. 
                       
 Stratopause height is identified based on the thermal characteristics of the atmosphere. The present work 
provides a radio method of identifying the stratopause altitude based on the radio refractive properties of the 
atmosphere as the bending angle gradient is very sensitive to the temperature gradient. Uniquely, the temperature 
and pressure gradients are close to zero at and around the stratopause. Thus as explained in section 2, dα/dh 
approaches close to zero at the stratopause, while it is relatively larger below and above the stratopause. This unique 
feature is exploited to identify the stratopause altitude from the profile of the gradient of the bending angle obtained 
from RO measurements.  

 
 A potential for long-term monitoring of stratopause height with a high vertical resolution is offered by the RO 
measurements. We propose that the radio stratopause identified from the radio bending angle can be used to study 
latitudinal, seasonal and climatological variations of stratopause height. 
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Figure 1. Radio Stratopause over Gadanki, India 
 

 
 
 
 Figure 2. Radio Stratopause over Reunion Island. 
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