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5.1  Introduction 

The observation of atmospheric motion, from small to large-scale structures, as a simple thermo 

dynamical convection system has had a long history in meteorology (Brunt, 1941; Riehl, 1950; 

Kleinschmidt, 1951; Lorenz, 1967; Emanuel, 1986). In natural convective systems, air is heated at 

high and cooled at lower pressure level, resulting in work that can drive atmospheric motions. This is 

the essence of atmospheric convection. How effectively the atmospheric convection drives the wave 

motion has been the source of a great deal of debate within meteorology.  Convection plays an 

important role in large scale atmosphere dynamics and is often responsible for adverse weather 

conditions. Convective Available Potential Energy (CAPE) is the most important attribute to assess 

the conditional stability of atmosphere particularly during the thunderstorm epoch. CAPE, which can 

be calculated from radiosonde observations, is a measure of the conditional stability of the 

troposphere to a finite vertical displacement that occurs during moist convection (e.g., Emanuel, 

1994).  Thus, CAPE is a potential indicator of climate change. However, the detailed climatological 

features of CAPE and its diurnal variation across the globe are not properly understood, primarily 

due to paucity of global database (Wickert et al., 2001; Wickert et al., 2009;Hajj et al., 2004;R. A. 

Anthes, 2011).  

The accurate determination of conditional stability is one of the fundamental observational and 

theoretical problems of atmospheric energetics, according to Lorenz (1967). How 

thermodynamically stable atmospheric motions are intimately tied and how close to reversible these 

motions are. It has been used to examine large-scale tropical structures due to convection in quasi-

equilibrium and to derive theoretical values for parameters governing planetary-scale convection 

(Michaud, 1995a,b; Emanuel and Bister, 1996; Renno and Ingersoll, 1996; Craig, 1996). It has also 

been employed for small-scale convective vortices such as dust devils and waterspouts to estimate 

their maximum wind speeds (Renno et al., 1998; Renno and Bluestein, 2001). In this chapter, 

COSMIC GPS RO temperature data are considered to evaluate the thermodynamic structure of large-

scale atmospheric circulations in troposphere. To begin with, applications in the available literature 

relevant to COSMIC GPS RO for assessing atmospheric convection, in terms of CAPE, are reviewed. It 

is shown that COSMIC GPS RO provides fundamental insights into the nature of atmospheric 

circulations and gives estimates of their atmospheric convective parameters such as CAPE globally.   

In this chapter, the application of COSMIC GPS RO temperature and pressure data is demonstrated 

to be validated within the set of parameters considered. The work carried out is motivated by 

several objectives, both validation and applied. The first objective, principally within the validation 

realm, is to demonstrate that the CAPE and CIN were entirely consistent with the previous results 
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over land and ocean regions during different seasons. A second objective, which has applied aspects, 

is to employ the COSMIC GPS RO temperature and pressure data to resolve poor temporal and 

spatial resolutions for assessing atmospheric stability indices. The observational analysis is based on 

calculated CAPE values derived from theoretical equations proposed by American Meteorological 

Society (AMS) over the data retrieved from COSMIC GPS RO that are averaged over a large spatial 

region and during different local times of the day on monthly and seasonal basis.  

5.2  Literature Survey 

Williams and Renno (1993) made thermodynamic calculations of CAPE using experimentally 

collected radiosonde data from different land and ocean stations for a large number of soundings in 

the tropical atmosphere in addition to Doppler radar data on tropical convection collected by the 

Massachusetts Institute of Technology’s transportable C-band radar during two wet seasons in 

Darwin, Australia (12ᵒS).  By including an ice phase in their assessments, they have indicated that 

stored energy of the order of 1000 JKg-1 of air are present over large areas of tropics, land areas and 

warmer parts of the ocean. Their observations also revealed, despite the widespread availability of 

energy for instability, deep convection breaks out over a relatively small area and CAPE is sustained 

throughout the course of a day while the geometric mean value for maximum fractional area is only 

7% and the largest values that are associated with monsoonal convection are ~40% when CAPE 

values are at their minimum level for the wet season and suggested that conditional instability plays 

an important role for hurricane formation. 

In 1980’s, JET PROPULSION LABORATORY (JPL) proposed monitoring of the Earth’s atmosphere by 

GPS signals and in 1990’s UCAR (University Corporation for Atmospheric Research) along with JPL 

successfully converted a low cost geodetic ground receiver to hover in space and acquire occultation 

data. Further, the observations showed that the Doppler shift in the GPS signal due to atmospheric 

bending permits accurate estimation of the atmospheric refractive index. However, as stated in 

Melbourne et al. (1994)due to their sparse sampling only seasonal or decadal phenomena of 

equatorial waves could be studied but the main advantages of GPS RO products are unprecedented 

vertical resolution with global coverage and weather capability in addition to high accuracy. 

Gutzler (1996) analyzed oceanic and atmospheric data from the tropical and western Pacific to 

describe decadal scale trends during April 1973 – March 1993 and these low frequency trends were 

compared with shorter term southern oscillation related variations. Observations showed an 

increase in convective instability of the tropical troposphere, while noticing no precipitation trends 
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and arrived at a conclusion that deep convection may play a less obvious role in modulating the 

observed decadal scale variability of the coupled warm pool system. 

Brown and Bretherton (1997) tested the strict quasi-equilibrium hypothesis over convectionregions 

of the tropical oceans using microwave sounding unit tropospheric temperature and precipitation 

fields along with Comprehensive Ocean Atmospheric Data Set (COADS) surface data on monthly and 

longer time scales as well as spatial scales ranging upward from 250 to 105km.  Their observational 

results have predicted that equivalent potential temperature Ɵe and vertically averaged 

temperature (‹T›) are positively correlated in space and time on month-to-month, seasonal and 

interannual timescales but the proportionality coefficient between (‹T›) and Ɵe is found to be half as 

large as predicted and an association with variations of mean CAPE around 25% when largest time 

and space scales are examined. 

Bridge and Frank (1999) analysed rawinsonde data from Australian Monsoon Experiment (AME) to 

determine the atmospheric stratification of density and moisture response to large amounts of 

convective latent heat release during active and break periods of the monsoon. The study revealed 

variations in lapse rate through the depth of the troposphere between active and break periods 

rather than on a day-to-day basis due to mid tropospheric temperature adjustment by dynamical 

processes over large scales instead of in situ response to localized convection while variations in 

convective activity are well correlated to variations in lower and middle tropospheric moisture 

content and coincidence due to large-scale horizontal advection showing that convective activity is 

inversely related to CAPE variations while revealing their day to day variations are dominated by 

variations in equivalent potential temperature of the source level (i.e. boundary layer) air, indicating 

a divergence in the upper half of the troposphere due to the moist adiabat along which the air parcel 

rises. Since CAPE variations are dominated by these changes in the moist adiabat of the rising parcel, 

the day-to-day CAPE changes occur almost totally in positive area variations above the 600-hPa level. 

Further, they have also proposed that stabilization of the atmosphere in response to deep 

convection occurs through the modification of CAPE with decreasing Ɵe of the source air in the 

boundary layer which occurs over relatively small spatial scales, whereas variations in lapse rate 

through the deep troposphere may occur over the relatively large scales associated with monsoon 

active and break events. 

Mapes (2000) constructed a simple toy model of large-scale tropical deep convection variations 

around a radiative-convective equilibrium climate with an observed mean sounding as its 

thermodynamic basic state in such a way when CAPE control dominates, all waves are damped by 

convection while inhibition control dominates, large-scale waves are generated and hence termed as 
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stratiform instability as it depends on two-signed tropospheric temperature waves which are 

generated predominantly by two-signed heating in stratiform precipitation areas within deep 

convective systems. This study has primarily focused on high vertical wavenumbers to explain the 

slow (~20 ms-1 for Kelvin waves) propagation speeds of quasi-linear equatorial convection waves 

instead of moisture on the first internal mode of the troposphere directing towards a conclusion that 

the Kelvin wave may be the preferred structure when the model is run on a uniform equatorial β 

plane when accompaniments are considered. 

Gaffen et al. (2000a) identified trends in global lower tropospheric temperature derived from 

satellite and compared with trends derived from surface meteorological observation during 1979-

1997 showing that satellite derived trends exhibit less warming than surface meteorological 

observations while noticing greater warming at the surface than aloft in the tropics from 

independent radiosonde observations of surface and tropospheric temperatures. Their observations 

also identified a decrease in the static stability of the atmosphere by considering associated lapse 

rate changes and arrived at a conclusion that differential temperature trends and lapse rate changes 

seen during the satellite era are not continual back to 1960. 

Soden (2000) studied hourly observation of 6.7μm water vapour radiances from geostationary 

satellites to document diurnal cycle in upper tropospheric water vapour and its relationship to cloud 

cover and convection. Observations showed that a coherent diurnal cycle in tropical water vapour 

which lags the variation in cloud cover by approximately two hours while the variations in upper 

tropospheric cloud and water vapour occur in phase with changes in deep convection over land but 

nearly twelve hours out phase with those over ocean which revealed association with differences in 

the vertical structure of land and ocean convection and offers a useful validation of convective 

parameterizations in atmospheric models.  

Wickert et al. (2001) studied nearly 3000 recorded radio occultation measurements from CHAMP 

(CHAllenging Minisatellite Payload) satellite using Global Positioning System (GPS) signals collected 

during April 2001 and derived globally distributed vertical profiles of dry temperature and specific 

humidity by considering a set of vertical dry temperature profiles that are compared with 

corresponding global weather analyses which indicated a temperature bias ~1K above the 

tropopause and less than 0.5k in an altitude interval from 12-20km at latitudes greater than 30 with 

most of the profiles reaching the last kilometre above the Earth’s surface as well as identified the 

need to enhance retrieval of occultation data within few hours.  
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Gettelman et al. (2002) calculated times series of CAPE from 15 tropical radiosonde stations and 

indicated positive trends in CAPE during 1958-1997 revealing that increases in CAPE are associated 

with increases in near surface temperature and water vapour. As documented by others, the 

predominant positive trends appear mostly as a shift in the middle 1970s and consistent with the 

time of an apparent shift of the background state of the climate system while the observed changes 

have clearly shown significant changes in the tropical atmosphere over the study period and 

potential limitations of climate model simulations. 

Demott and Randall (2004) computed multi decadal trends in CAPE using the data collected from 

selected tropical radiosonde stations located between 25ᵒN - 25ᵒS and comparing them with Special 

Sensor Microwave Imager (SSMI) instruments aboard Defense Meteorological Satellite Program 

(DMSP) with respect to precipatible water (PW) and lapse rate has revealed positive trends slightly 

outnumber negative trends with the greatest concentration of positive trends occurring in the 

western Pacific Ocean and the Caribbean Sea. Their analysis showed that positive and negative CAPE 

trends are mainly driven by same signed trends in low-level moisture while lapse rate trends play a 

secondary role in exhibiting increase or decrease in magnitude of the CAPE trends. They have also 

compared CAPE anomalies to nearest-grid-point monthly precipitation anomalies derived from 

surface-based rain gauges which showed that correlations are small and centered around zero while 

mean tropical rainfall estimates based on a combination of satellite and surface gauge data are 

uncorrelated with the mean tropical SSMI PW estimates. 

Hajj et al. (2004) evaluated atmospheric temperature, pressure and moisture by comparing radio 

occultation profiles from nearby CHAMP and SAC-C Earth science missions, launched in 2000 and 

examined nearly 130,000 profiles and identified 212 pairs occurring within 30min at a distance of 

200 km between them at 68% confidence interval within 0.1k in the mean between 5 and 15 km 

altitude after removing the expected variability of the atmosphere to understand the cause of 

climate change by studying three central claims such as  GPS soundings are effectively free of 

instrumental bias and drift, Individual temperature profiles are accurate to <0.5 K between 5 and 20 

km and averaged profiles for climate studies can be accurate to <0.1 K. Their study had noticed that 

the N-bias problem encountered in GPS/MET is also present in CHAMP and SAC-C and expected to 

be resolved once open loop tracking is implemented as subsequent missions are under planning.  

Donovan et al. (2007) determined the performance of three satellite algorithms based on 

geostationary visible and infrared (IR) observations to identify convective cells that can cause threat 

to aviation over the oceans by verifying TRMM satellite observations of lightning and radar 

reflectivity. Based on their observations, they have emphasized the importance of CAPE comparisons 
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between low and high fractional areas to identify differences in instability so that differences in 

reflectivity profiles can be estimated. 

Alexander et al. (2008) studied equatorial gravity wave potential energy associated with waves 

having vertical wavelengths of less than 7 km and their interaction with the background quasi-

biennial (QBO) wind using temperature profiles derived from COSMIC RO data that are binned into 

grids of size 20ᵒ in longitude and 5ᵒ in latitude showing evidence of vertically propagating 

convectively generated gravity waves interacting with the background mean flow indicating 

enhancements in  potential energy around the descending 0 ms-1 QBO eastward shear phase line 

while equatorially trapped Kelvin waves and Mixed Rossby Gravity Waves with zonal wave numbers 

s ≤ 9 are obtained by band pass filtering wave number – frequency temperature spectra using their 

temporal, spatial and vertical structures, propagation and wave-mean flow interactions with respect 

to the background mean flow and comparing the equatorial waves from COSMIC RO data with OLR 

to find differences.    

Roy Bhowmik et al. (2008) examined the thermodynamics of the atmosphere in relation to 

occurrence of convective rainfall over the Indian region by computing various thermo dynamical and 

kinematic parameters based on model analysis field of the limited area model of Indian 

Meteorological Department from 15 March 2001 to 28 February 2002 which showed a high belt of 

CAPE along the east coast extending north up to Gangetic West Bengal and another zone of high 

CAPE along the south west coast when spatial distribution of CAPE in premonsoon and monsoon 

season is examined revealing bi-modal nature with twin peaks at the beginning and end of the 

monsoon season. Their results also showed that the presence of strong thermodynamic 

environment is not sufficient for the occurrence of deep convection while other factors such as 

moisture and proper kinematic conditions play important role to control the occurrence of 

convection. 

Narendra babu et al. (2010) discussed global pattern of CAPE at seasonal and diurnal time scales 

using one year observations from COSMIC by describing the calculation of CAPE values that are 

grouped into 5ᵒ X 5ᵒ grid and classified into four seasons using temperature and humidity 

measurements revealing high values over land as compared to oceanic region, confirming the 

consistency of CAPE calculations while systematic migration of CAPE from Northern Hemisphere 

(NH) to Southern Hemisphere(SH) is observed during NH summer to winter, coinciding with the 

movement of intertropical convergence zone (ITCZ). After attaining the seasonal pattern, the 

composite diurnal patterns of CAPE with 2h resolution are obtained by combining all the 

observations in one season which showed domination of semidiurnal variations at some latitudes 
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(12h) and diurnal variation (24h) at some other latitudes. Further, the mean removed CAPE is then 

subjected to Fourier analysis to extract the diurnal variation amplitudes and noticed larger CAPE 

magnitudes over the Indian Ocean during most of the seasons in comparison with that of land 

regions and found a correlation between CAPE and precipitation patterns. Their study had 

demonstrated the capability of COSMIC to identify diurnal patterns of CAPE that can infer tropical 

diurnal precipitation patterns. 

Chan (2009) utilized Aircraft Integrated Meteorological Measuring System - 20 Hz (AIMMS20) 

incorporating air data probe, GPS, Inertial Measurement Unit (IMU) and a central processing module 

to collect data from these three components for the first time that direct measurements of the 

winds near the centre of a tropical cyclone (Molave) over the northern part of the South China and 

provided valuable information to study mean wind and gust as well as other properties like 

frequency spectrum of the horizontal wind data thereby turbulence associated with this tropical 

cyclone. 

Dhaka et al. (2010) shown the relationship between seasonal, annual and large-scale variations in 

CAPE and solar cycle in terms of temperature at 100 hpa pressure level using daily radiosonde data 

during 1980-2006 over Delhi (28.3ᵒN, 77.1ᵒE) and Kolkata (22.3ᵒN, 88.2ᵒE) and for the period 1989–

2005 over Cochin (10ᵒN, 77ᵒE) and Trivandrum (8.5ᵒN, 77.0ᵒE), India.  They have also noticed a 

tendency that shows increases in CAPE associated with decreases in temperature at 100 hpa 

pressure level on all time scales disclosing decreasing linear trends in temperature at Delhi and 

Kolkata over the period 1990-2006, suggesting that the trend towards increasing convective activity 

in the troposphere leads to trend towards cooling in the tropopause region. Additional observations 

include minimum annual temperatures with enhanced annual CAPE during northern summer with 

larger anti-correlation (-0.62) over Delhi than other stations and the influence of the solar cycle on 

the control of temperature was significant (∼4–5ᵒC) around 8-10ᵒN while temperature variations in 

the upper troposphere are controlled by CAPE and the solar cycle with the respective contribution of 

each being location-dependent.  

Anthes (2011) summarized results from radio occultation (RO) missions and applications of RO 

observations to atmospheric research as well as operational weather analysis and prediction right 

from the launch of the proof-of-concept mission, GPS/MET (Global Positioning 

System/Meteorology).The theoretical capabilities of RO to provide accurate and precise profiles of 

refractivity and electron density in the ionosphere containing information on water vapour and 

temperature in the troposphere and stratosphere had brought a revolution in profiling Earth’s 

atmosphere through RO followed by mono satellite CHAMP (CHAllenging Minisatellite Payload), 
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SAC-C (Satellite de Aplicaciones Cientificas-C), GRACE (Gravity Recovery and Climate Experiment), 

METOP-A, and TerraSAR-X (Beyerle et al., 2010) and COSMIC missions.  

Cimini et al. (2011) has tested and presented a 1-D variational (1-DVAR) technique during a 24-day 

period, including the Vancouver 2010 Olympic Winter games for temperature, humidity, and cloud 

liquid profile retrievals from ground-based radiometric observations by comparing microwave 

radiometer profiler - neural network (MWRP - NN) retrievals, nearby radiosonde observations 

(RAOBs), collocated ceilometer observations, and objective analyses from Numerical Weather 

Prediction (NWP) model. The results suggested that 1-DVAR technique with coupling radiometric 

observations and outputs from a numerical weather prediction model outperformed traditional 

retrieval methods although slight retrieval errors do exist.  

Cimini (2012) investigated the accuracy of atmospheric coloumnar integrated water vapour 

measurements during a field campaign project, Mitigation of Electromagnetic Transmission errors 

induced by Atmospheric Water Vapour Effects (METAWAVE) which took place in Rome, Italy, for a 

two week period from September to October 2008 making use of observations from ground-based 

microwave radiometers and Global Positioning System (GPS) receivers, meteorological numerical 

model analysis and predictions, balloon-borne radiosoundings and space borne infrared 

radiometers. The collected dataset has been analysed and compared to quantify the accuracy and 

the potential of integrated water vapour (IWV) related electromagnetic path delay errors in 

Interferometric Synthetic Aperture Radar (INSAR) imaging and noticed inherent errors and 

atmospheric delay in IWV measurements although collocation analysis shows its validity and higher 

sensitivity. This study had concluded that information on the IWV vertical stratification from satellite 

observations, numerical models and GPS receivers can provide valuable aid to suppress the long 

spatial wavelength (>20km) component of the atmospheric delay so that performance of INSAR 

phase unwrapping techniques can be improved. 

Ratnam et al. (2013) studied the diurnal variation of various stability indices using intensive 

radiosonde observations made during October 2010 to October 2011 over an Indian tropical region, 

Gadanki (13.5°N, 79.2°E) while simultaneous co-located microwave radiometer (MWR) observations 

collected during April – October 2011 are used for comparison. Particularly, the MWR data which are 

useful for now casting showed warm bias in the temperature (except at 0.5km) below 3-4 km and 

cold bias in the temperature when compared to radiosonde observations in their study. In case of 

water vapour, MWR observations showed wet bias below 2-3 km and dry bias above 2-3 km 

depending with respect to time. This study has noticed some differences in amplitudes while 

considering the trends of different stability indices and observed to be maximum in the afternoon 
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and minimum in the early morning hours in all seasons except that of winter over the tropical 

station. They have also identified one of the shortcoming with MWR that nearly 25% of its usage 

time are unable to estimate CAPE, as equilibrium level is above the altitude that MWR can detect 

and we hoped that we can overcome this problem by using a COSMIC GPS RO technique employed 

in our study as it operates round the clock above Earth’s atmosphere. 

Khaykin et al. (2013) explored the impact of deep convection on the chemical composition and 

thermal structure of the tropical lower stratosphere and its impact on the temperature diurnal 

variation in the upper troposphere and lower stratosphere using COSMIC GPS radio-occultation 

temperature measurements and Tropical Rainfall Measurement Mission (TRMM) radar information 

from 2006-2011. The results displayed a diurnal cycle characterized by an afternoon cooling when 

the temperature in the lowermost stratosphere over land is considered which may be due to non-

migrating tides and local cross-tropopause mass transport of adiabatically cooled air by overshooting 

turrets. Their observations also revealed that the impact of deep convection on the temperature 

diurnal cycle is found larger in the southern tropics suggesting dynamic convection over clean rain 

forest continents than desert areas and polluted continents in the northern tropics. 

Anisetty et al. (2014) presented a study on planetary-scale equatorially trapped Kelvin  waves 

derived from temperature profiles using COSMIC satellites during 2006- 2009  and their interactions 

with background atmospheric conditions which showed that the Kelvin waves are associated with 

wave periods of higher than 10 days (slow  Kelvin waves) with higher zonal wave numbers (either 1 

or 2) in addition to possession of downward phase progression giving evidences that the source 

region of them are located at lower altitudes thereby indicating that the Kelvin waves are driven by 

convective activity. Further their study has also shown the relationship between Kelvin waves and 

QBO during different phases of ENSO. 

5.3 Significance of CAPE 

The Earth’s atmospheric convection plays an important role in maintaining the thermodynamic 

structure of tropical region. CAPE which can be calculated from radiosonde and satellite retrieved 

data observations remained as a dominant stability measurement parameter to study Earth’s 

atmospheric convection (DeMott and Randall, 2004; Narendra Babu et al., 2010), although several 

other indices like Lifted Index (LI), Level of Free Convection (LFC), Equilibrium Level (EL), Cross Total 

(CT) index, Total Totals (TT) index, Showalter index (SI), K index (KI), Severe Weather threat   

(SWEAT) index, Bulk Richardson Number (BRN), can also be used to measure the stability of 

atmosphere. But it is not yet clear whether CAPE and convective triggering, frequency and intensity 
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are specifically related (Williams and Renno, 1993; Emanuel et al., 1994; Brown and Bretherton, 

1997; Mapes, 2000), while long term changes in CAPE was presumed to be associated with changes 

in convective activity and atmospheric energy budget. Although there is a correlation between 

atmospheric stability with its indices like CAPE and LI values, there were significant differences. From 

the following table 5.3.1, we can infer the impact of CAPE on our environment with respect to Lifted 

Index and their convective potentials.   

CAPE  VALUE (LI) Description of Convective Potential 

< 500 (-1 to 2) 

Very weak instability, showers likely with 

some isolated storms.  If shear is absolutely 

fantastic, then there is the chance of severe 

storms. 

500 -1000 (0 to -3) 
Weak instability, showers and storms likely 

but generally weak unless shear is good. 

1000-1750 (-2 to -5) 

Moderate instability, storms (possibly severe 

with pulses), becoming quite severe if shear 

is very good, updrafts may be strong enough 

to sustain large hail (2cm+). 

1750-2500 (-4 to -8) 

Strong instability, possible severe pulse 

storms in weak shear - probable severe 

storms in good shear, large enough to sustain 

large (2cm+) to very large hail (5cm). 

2500-4000 (-6 to -12) 

Very strong instability, severe pulse storms 

likely in weak shear.  Good shear will result 

in severe to very severe storms with updrafts 

strong enough to sustain very large (5cm+) to 

extreme (8cm+) hail. 

4000 > (-10 to -16) 

Extreme instability, severe pulse storms 

likely in weak shear.  If you have good shear 

- watch out!  Updrafts strong enough to 

sustain hail in excess of 10cm. 

Table 5.3.1 CAPE values and their significance 

Sometimes the atmosphere is unstable in the lower levels but stable in the upper levels, for example 

low-mid topped showers whereas  sometimes, unstable in the mid-upper levels but very stable in 
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the low levels, for example, it seems to be sunny with occasional altocumulus castellatus, thereby 

giving different results. Many factors contribute to these changes, for example cold air can come 

through in the upper levels or an upper level ridge may move through.  On the other hand, moisture 

in the upper levels may suddenly increase or decrease, but the most common change that occurs is 

the change in the surface, which we have hope to accomplish this task using COSMIC GPS RO 

technique as it can collect data almost nearer to the surface of the Earth. The changes that result 

from the surface conditions is often so great that it frequently alters the stability of the atmosphere. 

The more unstable the atmosphere is, the larger will be the CAPE. Air will rise faster if it is 

significantly warmer than its surroundings resulting in stronger and more sustained updrafts. With 

Being a measure of instability, CAPE is fairly explanatory why large CAPE’s often correspond to 

severe thunderstorm development. 

Reports indicate that studies on global long-term trends of CAPE are scarcely available (Gettelman et 

al., 2002), mainly due to the unavailability of database over oceanic regions. In addition, several 

research groups have reported on CAPE trends at individual locations using long and stable records 

of temperature profiles by radiosonde (Williams and Renno, 1993; Mc Bridge and Frank (1999); 

Gettelman et al., 2002; DeMott and Randall, 2004; Dhaka et al., 2007; Dhaka et al., 2010; Roy 

Bhowmik et al., 2008; Ratnam et al., 2013) and other meteorological instrument measurements 

including balloon-borne packets, microwave radiometers (MWR), rawnisondes, dropsondes (Chan, 

2009; Cimini et al., 2011, 2012; Ratnam et al., 2013). Multi decadal trends of CAPE have been 

reported in the literature (Gutzler, 1992; Gutzler, 1996; Gaffen et al., 2000a) based on the availability 

of records for the last seven decades at many tropical locations by analysing radiosonde measured 

temperatures that are capable in offering in-situ, high resolution temporal and spatial sampling of 

the vertical temperature and moisture structures. 

Further, it has also been verified that the combined effects of positive moisture and temperature on 

the regulation of convective activity by performing computation of CAPE trends at fifteen tropical 

sounding stations (Gettelman et al., 2002). The research work carried out by DeMott and Randall, 

(2004) had revealed a low correlation between CAPE and rainfall comparisons while monthly CAPE 

anomalies are positively correlated with sounding derived precipitable water (PW) and lapse rate. It 

has been identified that an increasing trend in CAPE associated with decrease of temperature at 100 

hpa pressure level on all time scales while examining the relationship between seasonal, annual and 

large scale variations of CAPE and the temperature at 100 hpa pressure level using radiosonde 

observations during 1980-2006 at different locations in northern, eastern and southern parts of 

India (Dhaka et al., 2010). The research community has reached consensus that it is not yet clear 
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how large scale structures in moisture and temperature of the tropics are manifested in convective 

activity. Therefore, it is essential to find the exact relationship between these two parameters by 

utilizing advanced techniques. 

In fact, quantification of CAPE is essential, particularly in the aviation field. For example, unexpected 

convection over oceans can severely affect airplane travel and several air traffic control agencies 

such as the Federal Aviation Agency (FAA) of the USA are trying to develop techniques that can warn 

imminent convection (Donovan et al., 2007). Further, theFAA has decided to use CAPE as a potential 

useful meteorological index instead of relying on algorithms that often provide false alarms (~40%) 

about hazardous convective cells over the oceanic regions (Donovan et al., 2007).  

Obviously, in view of this, it is very much essential to conduct more research studies with advanced 

technological, observational and analytical techniques to understand this atmospheric index (CAPE) 

feature globally. Here, an attempt is made to study seasonal and diurnal trends of CAPE in tropical 

region using radio occultation (RO) technique adopted by COSMIC constellation making use of its 

database advantages. The main advantages of GPS RO products such as COSMIC includes 

unprecedented vertical resolution, global coverage and all weather retrieval capability with high 

accuracy so that earlier issues related to poor spatial and temporal resolutions can be resolved 

thereby improving our analysis. 

5.4 Seasonal Trends 

 
Figure 5.4.1a Global coverage of COSMIC radio occultations during January 2008, in which each 

occultation point is shown as blue colour closed circle.   
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Before presenting the significant observational results of this study, we have shown the number of 

occultations that a COSMIC constellation could provide globally over the tropics. Following figure 

5.4.1a shows number of occultations made by COSMIC globally during January 2008, which are 

51044 retrieving around 1650 profiles a day globally. As we can observe from this figure that the 

number of occultations is extremely high due to high inclination of COSMIC microsatellites (780) for 

the latitude sector 800S-800N while the coverage in the equatorial region is relatively lesser than 

above latitudinal range and far lesser coverage near Polar Regions (800-900). On the other hand, 

Figure 5.4.1b presents number of occultations provided by COSMIC during different months starting 

from March 2007 to February 2013 over the tropics. 

Figure 5.4.1b Bar graph showing number of COSMIC radio occultations in latitudes between -300 and 

+300 during March 2007-February 2013. 

 

It became possible for us to estimate CAPE index by using temperature and humidity profiles 

retrieved from COSMIC observations. Before performing calculations, we have made comparative 

analysis between COSMIC measured temperature profiles and radiosonde measured ones similar to 

our earlier studies (Anisetty et al., 2014) and identified coherence between them. Here, it should be 

noted that although most of the retrieved temperature profiles could reach the ground surface by 

virtue of OL system, we have deleted profiles that could not reach 0.5 km altitude for the sake of 

accuracy.  After attaining CAPE over the tropics, we have gridded them into 5ᵒ x 5ᵒ resolution and 

grouped season wise into March equinox (March, April and May) abbreviated as  MAM, June Solstice 
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(June, July, and August) abbreviated as  JJA, September equinox (September, October, and 

November) abbreviated as SON and December solstice (December, January, and February) 

abbreviated as DJF. 

 
Figure 5.4.2 Seasonal variation of CAPE (March, April and May (MAM), June, July and August (JJA), 

September, October, November (SON), and December, January and February (DJF)) during 2007-

2013 (from top to bottom panels) in latitudes between -300 and +300 

 

Figure 5.4.2 shows global features of longitude Vs latitude structures of CAPE measured in JKg-1 

during four seasons from left to right during 2007 to 2012 from top to bottom panels in the Earth’s 

tropical region. It should be worth mentioning here that since the calculated CAPE values have been 

averaged over a large spatial region during different local times of the in a season, most of the CAPE 

values are associated with smaller values. However, in order to present the maximum magnitude of 

CAPE values observed in this research, we show them in local times (LT) and statistics of their 

magnitudes by graphical representation in the following sections. From figure 5.4.2, it is obvious to 

note that larger CAPE values are observed over land during most of the seasons from 2007 to 2012, 

showing consistency in their general tendencies when compared with earlier studies (Narendra Babu 

et al., 2009; Soden, 2000; Khaykin et al, 2013). It has also been observed that some of oceanic areas 

are also associated with large values when compared with land areas. For example, western Pacific 

Ocean regions are associated with larger values during all MAM seasons consistently during the 

study period (2007-2012) while eastern Pacific Ocean regions are associated with larger values 

during all JJA seasons of the study period. An important observation from this figure is that most of 

the larger CAPE values are following a wave like pattern between MAM, JJA, SON and DJF seasons 
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during the study period. It is very clear that higher values of CAPE are found to be located in the 

northern hemisphere during MAM as well as JJA seasons and lower values of CAPE in thesouthern 

hemisphere during SON as well as DJF seasons, indicating that the CAPE trends are following inter-

tropical convergence zone (ITCZ) where large moisture values often present. In general ITCZ, which 

appear as a band of clouds with thunderstorms is the area encircling the Earth near the equator and 

its location varies over time (Das, 1991; Asnani, 1993). To the best of the author’s knowledge, this 

study has shown for the first time that it is possible to track the evolution of the ITCZ indirectly by 

computing CAPE values during different seasons from 2002-2012. It is anticipated that additional 

inclusive and concrete global feature studies will be conducted once other missions such as COSMIC-

2 RO technique is commissioned. 

Further, we have analysed Outgoing Long Wavelength Radiation (OLR) database provided by the 

National Oceanic and Atmospheric Administration (NOAA) Climate Diagnostics Center, which can be 

available at http://www.cdc.noaa.gov for different seasons during the study period to verify 

transition of the ITCZ.  Daily OLR data are available on a 2.50 latitude-longitude grid with data gaps 

filled by linear interpolation to provide complete sampling that can be used as a proxy for tropical 

deep convection (OLR< 220 W/m2). Seasonal (MAM, JJA, SON and DJF, left to right panels) 

representation of averaged OLR trends during the study period 2007-2012 (top to bottom panels) is 

shown in Figure 5.4.3.  

 
Figure 5.4.3 Seasonal variation of OLR (March, April and May (MAM), June, July and August (JJA), 

September, October, November (SON), and December, January and February (DJF)) during 2007-

2013 (from top to bottom panels) in latitudes between -300 and +300 

http://www.cdc.noaa.gov/
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Notable evidence can be observed from this figure, which shows that deep convective activities 

were developed over the South American continent during JJA and SON seasons resembling 

maximum similarities with CAPE trends presented in Figure 5.4.2. As expected, we have also 

identified deep convective activities (lower OLR ~< 220 W/m2) over the Indian Ocean region and 

beyond during SON and DJF seasons while such features are also evident in CAPE trends with respect 

to higher values from Figure 5.4.2.    

 
Figure 5.4.4 Three-dimensional bar graph on magnitudes of CAPE (Jkg-1) during different seasons 

between 2007 -2012. It is clear that the majority (94%) of CAPE values during different seasons are 

lying between 0 and 1000 range. 

 

In order to find the maximum value that CAPE can attain during this long observation period at 

tropical latitudes, we have performed statistical analysis and presented the same in the following 

lines. Figure 5.4.4 shows a three dimensional bar graph of CAPE (JKg-1) magnitudes during four 

seasons (MAM, JJA, SON and DJF) and classified the available CAPE values into four different 

categories that fall between 0-1000 (Category-1), 1000-2500 (Category-2), 2500-5000 (Category-3) 

and 5000-10000 (Category-4). The observed magnitudes of CAPE that fall under the category-1 are 

235609, 241536, 220598 and 238961, followed by category-2 to 17413, 20590, 16618 and 14421 

while category-3 to 1760, 2715, 1884 and 1437 whereas category-4 with 290, 437, 307 and 252 

during MAM, JJA, SON and DJF seasons respectively of our study period. It is very clear that the 

majority (i.e.94 %) of CAPE values belong to category-1 only followed by two, three and fourth 

categories.  
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5.5 Diurnal trends 

 
Figure 5.5.1 Local time vs. latitude variations of CAPE during March, April and May (MAM), June, July 

and August (JJA), September, October, November (SON), and December, January and February (DJF) 

seasons during 2007-2012 (top to bottom panels). 

 

We have also verified diurnal variations of CAPE trends during different seasons of this study period. 

Figure 5.5.1 presented below shows local time Vs latitudinal variations of CAPEs during MAM, JJA, 

SON and DJF seasons that can be viewed from left to right panels between 2007 and 2012 which can 

be viewed from top to bottom panels. It is very interesting to note that a wave like pattern in CAPE 

trends is identified by clearly showing that CAPE trends are located in the northern hemisphere 

during JJA and SON while in southern hemisphere during MAM and DJF seasons. This wave like 

pattern has also been found in figure 5.4.2 while examining CAPE trends over tropics that had 

brought in a good level of confidence in the performed observational analysis. When the diurnal 

variations of CAPE were considered, maximum values are found at daytime hours around between 

0600 and 0900 LT and around between 1300 and 1500 LT and minimum values during night time 

hours around between 2100 and 0400 LT in different seasons. Although solar activity dependencies 

are not seen significantly in global trends of CAPEs presented in figure 5.4.2, such signatures are 

clearly evident in observed diurnal variations of CAPEs shown in figure 5.5.1. More elaborately, with 

the progress of time the magnitudes associated with CAPEs are decreasing during different seasons 

between 2007 and 2012 with observed minimum CAPE magnitudes in 2012. 
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 5.6 LOCATION SPECIFIC TRENDS 

Figure 5.6.1 Monthly variations of CAPE near Delhi (28.30 N, 77.10 E), India, during 2007- 2013  

The monthly variations of CAPE at different individual locations in the Indian subcontinent had been 

verified where more intense studies have been reported recently using both radiosonde and MWR 

techniques (Dhaka et al., 2010; Ratnam et al., 2013) by selecting three typical places located in 

northern (Delhi), eastern (Kolkata), southern (Tirupathi) parts of India. Figure 5.6.1 depicts monthly 

variations of CAPE at Delhi (28.30 N, 77.10 E) during 2007- 2013. It should be noted that a five point 

running mean has been applied toobserved monthly variations of CAPE for the selected locations in 

order to avoid some unnecessary spurious values. It can be seen from figure 5.6.1 that higher CAPE 

values are observed around July-September consistently during most of the year, which is an active 

monsoon time period in northern India. Of course, few differences had been noticed between peak 

values observed from our end and Dhaka et al. (2010) near Delhi and almost similar CAPE trends are 

noticed by both these studies while the magnitude differences can be attributed to different 

observational techniques that have been used for calculating CAPE. 
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Figure 5.6.2 Monthly variations of CAPE near Kolkata (22.30N, 88. 20E), India, during 2007- 2013   

 

Figure 5.6.2 depicts monthly variations of CAPE near Kolkata (22.30N, 88.20E) during 2007-2013. It 

can be seen from this figure 5.6.2 that the monthly trends have great similarities with those 

observed near Delhi while the peak values near Kolkata are found in June-August during most of the 

years. Further, the earlier peak values of CAPE near Kolkata can be justified based on the fact that 

the onset time of monsoon in the eastern part of India is earlier than the northern part (Dhaka et al., 

2007), indicating that these CAPE trends are having similarities with earlier reported results (Dhaka 

et al., 2010). Thus, the computation of CAPE values using COSMIC RO technique can also be carried 

out to study their general trends at individual locations. 

5.7 Global Comparisons 

We have calculated CAPE for 15 tropical radiosonde stations selected at equatorial low, middle and 

high latitudes for the period 2007-2012. Stations were selected upon consideration of the length and 

quality of the radiosonde data based on experience gained from Gettleman et al. (2002), Gaffen 

(1996), Gaffen (1994) and are available at http://weather.uwyo.edu/upperair/sounding.html. Station 

names and locations are indicated inthe respective tables (5.7.1, 5.7.2 and 5.7.3).  

Table 5.7.1 Comparison of CAPE between radiosonde and COSMIC observations, calculated at high 

latitude regions. 

High latitudes Latitude Longitude default cape calculated cape using radiosonde Calculated cape using COSMIC

Barrow 71.3 -156.78 0 0 0

fortsmith 60.03 -111.93 6.54 7.82 7.72

jakutsk 62.01 129.71 135.37 154.07 145.72

keflavikurflugvollur 63.96 -22.6 5.16 5.59 24.5230221

lerwick 60.13 -1.18 0.59 1.63 41.90593591

normanwells 65.28 -126.75 0 0 2.357760967

orland 63.7 9.6 1.43 3.1 0.970335668

resolute 74.7 -94.96 0 0 2.681702842

sodankyala 67.36 26.65 0 0 27.72

tasiilaq 65.6 -37.63 0 0 0.870312977

Torshavn 62.01 -6.76 0.02 0.09 1.776874001

jokioinen 60.81 23.5 0 0 1.71

Whitehorse 60.7 -135.06 30.63 42.55 33.36

Hall Beach 68.76 -81.21 0 0 0.024582689

aasiaat 68.7 -52.85 0 0 0
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Table 5.7.2  Comparison of CAPE between radiosonde and COSMIC observations, calculated at mid- 

latitude regions. 

Table 5.7.3 Comparison of CAPE between radiosonde and COSMIC observations, calculated at low 

latitudinal regions. 

For the purposes of this study, we calculated CAPE from daily averaged vertical temperature profiles 

from sounding derived and COSMIC retrieved temperature data profiles. Comparisons between 

CAPE calculated from the COSMIC and CAPE calculated from radiosondes are performed with the 

model grid point closest to each station. Because of the averaging in time and different spatial 

resolution of the COSMIC versus point radiosonde measurements, the two calculations of CAPE 

should not be expected to match, though some similarities do exist. Indeed, as shown in tables 5.7.1, 

5.7.2 and 5.7.3, the CAPE calculated from the COSMIC showed a significant difference than that 

calculated from radiosonde observations; however, in terms of a gross measurement of CAPE 

variability they are quite similar. We thus believe that a comparison of CAPE trends between the 

COSMIC derived temperature profiles and from radiosonde observations should still be meaningful 

in assessing atmospheric instability. 

 

Midlevel Latitudes Latitude Longitude default cape calculated cape using radiosonde calculated cape using COSMIC

almaty 43.23 76.93 26.6 30.32 27.3

hohhot 40.81 111.68 0 0 1.72

juzhno-sahalinsk 46.95 142.71 0 0 6.921865925

king salmon 58.68 -156.65 0 0 1.465855113

kyiv 50.4 30.56 82.89 106.61 108.9

mashaad 36.26 59.63 0 0 1.27

novosibirsk 54.96 82.95 25.32 29.27 27.27

oakland 37.73 -122.21 0 0 4.742211765

santateresa 31.86 -106.7 114.29 137.21 117.3

stephenville 48.56 -58.56 0 0 0.729400245

Chita 52.08 113.48 0 0 1.17

kashi 39.46 75.98 0 0 1.31

Altay 47.73 88.08 0 0 1.33

Bordeaux Merignac 44.83 -0.68 77.04 110.3 2.143243113

Debilt 52.1 5.18 0 0 81.63824309

Low level latitudes Latitude Longitude default cape calculated cape using radiosonde Calculated cape using COSMIC

albany -34.93 117.8 0 0 323.605

belem -1.38 -48.48 1695.69 1854.61 1.44E+03

curitiba -25.51 -49.16 13.97 16.58 1.68E+02

danang 16.03 108.2 318.87 422.64 5.40E+02

galeao -22.81 -43.25 116.33 130.45 5.96E+02

hobart -42.83 147.5 0 0 55.13277114

kotakinabalu 5.93 116.05 473.33 581.64 68.84653463

legaspi 13.13 123.73 766.21 913.72 1.33E+03

madras 13 80.18 4824.76 5183.73 5.49E+03

noumea -22.26 166.45 0 0 2.69E+02

portoalegre -30 -51.18 255.1 324.33 2.57E+02

rockhampton -23.38 150.48 0 0 4.34200189

sanjuan 18.43 -66 2055.12 2258.18 7.97E+02

vilhena -12.7 -60.1 94.74 149.48 9.63E+01

manaus -3.15 -59.98 1751.7 1891.7 1.13E+03
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5.8 CIN GLOBAL TRENDS 

Figure 5.8.1 CIN seasonal trends at tropics for different seasons, including a) March equinox b) June 

solstice c) September equinox, and d) December solstice in 2007.  

 

Figure 5.8.1 presents seasonally averaged CIN during 2007 which shows bimodal distribution in CIN 

trends with their minimum values at around geographic equator and maximum values at around 100 

-150 on either side of the equator where as Reimann-Campe et al.(2009) identification of bimodal 

distribution using ERA-40 reanalysis model data shows maximum values at around 300 latitude on 

either side of the equator with a minimum value at equator when the air transports to pole ward 

and descends through 300 latitude, where in CAPE (CIN) associated with lower (higher) in accordance 

with the theory put forth by Riemann-Campe et al.(2009).  This shows our study is in similar line with 

Riemann-Campe study but exact physical scenario behind this observed latitudinal difference in our 

study needs to be understood. 

5.9 CORRELATION STUDIES OF CAPE AND CIN MEASURED WITH COSMIC RO AND COLLOCATED 

RADIOSONDE TECHNIQUES   

 
Figure 5.9.1 regression line, correlations, and the r2 values between COSMIC GPS RO measured and 

collocated radiosonde measured CAPE for May 2007. 
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Figure 5.9.2 regression line, correlations, and the r2 values between COSMIC GPS RO measured and 

collocated radiosonde measured CIN for May 2007. 

 

A comparison have been made between convective indices calculated by using COSMIC GPS RO and 

collocated radiosonde techniques for different seasons in year 2007 which are presented in the 

following figures 5.9.1 and 5.9.2 as scatter plots.  Figure 5.9.1 shows comparisons of CAPE while 

figure 5.9.2 shows comparisons of CIN using collocated radiosonde and COSMIC GPS RO techniques. 

Here the plots were drawn between COSMIC GPS RO which are 200kilometers apart and ±2 hours 

apart from radiosonde data to identify correlations between them, where one can notice the 

steepness of the slopes and r2 for each plot.   

From Figures 5.9.1 and 5.9.2, one can notice weak correlations between measurements made for 

CAPE (r2= 0.229) and CIN (r2 = 0.210) using data derived from COSMIC GPS RO and collocated 

radiosonde techniques. This result occurs mainly because of the way CAPE and CIN values were 

calculated and also because of how COSMIC GPS RO temperature and moisture profiles were 

derived. Further, it is well known that the calculation of CAPE and CIN values are sensitive to the 

lower tropospheric temperature and moisture profiles from current COSMIC 1D-Var retrieval 

approach (Healy and Eyre, 2003; Gorbunov and Kornblueh, 2003; Von Engeln et al.,2003) which is 

sensitive to first guess profiles, especially in the lower troposphere. 

5.10 Summary 

Convection activities don't only play an important role in the dynamics of Earth’s atmosphere; often 

it is also responsible for adverse weather conditions. CAPE, a potential indicator of climate change is 

an important attribute to assess the condition and stability of the atmosphere, especially during 

thunderstorm epoch. It is well known fact that the detailed climatological features of CAPE and CIN 
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across the globe and its diurnal variations are not properly understood, mainly due to paucity of 

global database. On the other hand, a bimodal distribution is seen in CIN trends, in agreement with 

earlier studies with a variation in latitude. A very weak correlation is found for measured values of 

CAPE and CIN between COSMIC GPS RO and collocated radiosonde techniques. However, GPS RO 

measurements performed from COSMIC have provided ample opportunity to get this information 

for more than six continuous years and presented them in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


