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LCL i.e. low condensation level and moist adiabatically thereafter; TE= temperature of the 

environment. 

Usually convection will not develop for large CIN values even when strong thermals are present 

below the boundary layer while high CIN will allow CAPE to grow large. However, a decrease in 

temperature at mid-level is the only effect that occurs in the warm layer which can inhibit 

convection to reduce CIN.   
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2.1  Different remote sensing techniques for studying atmospheric dynamics 

Earlier, upper wind profile data over land and ocean for meteorological applications are obtained by 

making use of rawinsonde, dropsonde, radiowind, kite anemometers and radiosonde and low cost 

pilotless aircraft techniques, which are used to measure speed and direction of the wind in the 

upper atmosphere. But operational measurement accuracy cannot be obtained for levels above the 

atmospheric boundary layer which is a major disadvantage with these systems. This is due to the 

fact that with any of these tracking methods, we have to assume a rate of ascent for the balloon 

instead of height measurement from tracking system. These drawbacks can be supplemented with 

geostationary meteorological satellites that employ remote sensing technology to facilitate high 

temporal and spatial resolution in addition to their global coverage when compared with earlier 

observing systems. Over the decades, we have obtained a wealthy of information from remote 

quasar in the universe to the innermost structure of matter at an atomic scale by utilizing a range of 

technologies from far beyond the limits of our immediate surroundings and senses. For example, 

this information can be as simple as a conversation or a weather forecast. The potential to monitor 

and deliver high accuracy data to recognize small signals of climate change over a long time had 

been clearly exhibited by satellite remote sensing. Thus, remote sensing technology has developed 

from balloon photography followed by aerial photography to multi-spectral satellite imaging. 

Electromagnetic radiation from sun reaching Earth’s atmosphere will be reflected back into space 

can be detected either by space or air borne systems. During this transit, electromagnetic radiation 

has to pass twice across the Earth’s atmosphere, once during its journey from sun to Earth and 

second being after reflection from Earth’s atmosphere, which can be sensed by the sensors. During 

this process, Interactions of the direct solar radiation and reflected radiation from the atmosphere 

interfere with the process of remote sensing thereby revealing the dynamics of the atmosphere by 

analysing modified information of electromagnetic radiation. Usually, this modified information is 

mainly due to several physical processes like scattering, absorption and refraction, as 

electromagnetic radiation passes through atmosphere. Atmospheric constituents present in the 

atmosphere scatter and absorb the radiation thereby modulating the radiation reflected from the 

target by means of attenuation that changes its spatial distribution and enters into field of view of 

radiation from scattered sunlight in the atmosphere while some of the energy reflected from nearby 

ground area.  

A variety of remote sensing technologies are available which employs the use of active and passive 

techniques to measure geophysical variables of Earth’s atmosphere from out of space using space 

borne (satellites) or airborne (aircrafts) applications. Doppler RADAR (radio detection and ranging), 
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Lidar (Light detection and ranging), Sodar (sound detection and ranging) and the wind profiler 

techniques come under active remote sensing category, while a balloon borne or satellite based (e.g. 

radiosonde, rawinsonde, dropsonde, kite anemometers, GPS/MET, CHAMP, SAC-C & COSMIC, etc.) 

fall in passive remote sensing category. The data acquisition system of remote sensing method 

records interaction characteristics of Earth’s atmosphere in different regions of the electromagnetic 

spectrum based on the amount of electromagnetic energy reflected or emitted by the Earth’s 

surface. The amount of radiation from an object (radiance) is influenced by both the properties of 

the object as well as the radiation hitting the object (irradiance). Passive techniques use upwelling 

radiation from Earth’s atmosphere in discrete portions of the electromagnetic spectrum (e.g., visible, 

infrared and microwave) while active techniques use a series of transmitted and returned signals to 

retrieve physical properties.  

2.2  RADAR 

The study on atmosphere and weather phenomena is drawing global attention in this developing 

world. For instance, observing weather and timely prediction of the same during severe weather 

conditions is vital to alert the public within a short span of time. Weather RADARs are one of the 

most important and promising modern technology instrument for continuous observation of 

weather. RADARs can provide real time and accurate information on disastrous weather phenomena 

including strong winds, heavy precipitations and hail over large scale area. 

Both Doppler and wind profiling RADARs are providing valuable data of high resolution in space as 

well as at lower layers of the atmosphere. Doppler RADARs can be used in national and regional 

networks for short range forecasting of severe weather phenomena due to its capability of accurate 

wind measurements along with estimates of rainfall amounts, while wind profilers can be used to 

provide comparative observations between balloon borne soundings thereby serving as integrated 

observing networks. 

For hydrological precipitation measurements, we need reliable data. Based on the type of 

instrument and site, rain gauge measurements exhibit errors due to the influence of wind, snowfall, 

and drop-size leading to major issue on area representativeness. In general, measurements on a 

surface of 200 or 400 cm2 are used to estimate the rainfall on areas representing a magnitude of 100 

km2. Obviously even with accurate point measurements, knowing the spatial variability of rainfall 

during flood events remained heavily biased. Since RADAR can provide images of instantaneous 

intensity of rainfall distribution over large areas, one can hope desired results. But in practice, a 

series of problems will be encountered because RADAR measures an echo which can be influenced 
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by concentration, size and type of particles which depend on meteorological conditions, ground 

clutter, shadowing due to mountain ridges in addition to attenuation parameters of the instrument 

itself. Based on simple fact discussed above with respect to error in rain gauge data, one cannot 

perform calibration on available physical data. Hence, it is possible to deduce a solution with point 

measurements in view of the fact that neither the gauge value nor the RADAR interpretation can 

necessarily be correct. Although it is asserted that RADAR is a semi-quantitative futuristic 

measurement device, still it keeps its importance with its existing high end capabilities and remain as 

essential equipment for early warning systems and observation networks for weather monitoring. 

2.2.1  HF- and VHF- RADAR 

The RADAR operating frequency bands that fall within the range of 0-250 MHz and having 

wavelengths up to 1.2 meters are known to be high frequency (HF/A) band RADARs and those 

RADARs whose operating frequency band range fall within 250-500 MHz and having wavelengths in 

between 0.6meters to 1.2 meters are known to be very high frequency (VHF/B) band RADARs. These 

RADAR bands had a long historical significance as the so-called frequencies had represented the 

frontier of radio technology during World War II.  

2.2.2  UHF RADAR (C- Band) 

RADARs that can utilize the operating frequency band of 300 to 1 GHz can be considered as C band 

or ultra-high frequency band RADARs. As of now, some dedicated RADAR sets are available for this 

frequency band for detection and tracking of satellites and ballistic missiles over a long range in 

addition to early warning and target acquisition like surveillance RADAR for air defence systems.  As 

electromagnetic waves are less affected by clouds and rain at these frequencies, wind profiler 

RADARs also share this frequency band to carry out their applications while emerging technologies in 

RADAR applications based on Ultra wideband (UWB) uses all frequencies from A to C  band. UWB- 

RADARs can transmit very low pulses in all frequencies simultaneously whose applications can be 

found in technical material examination and in Ground Penetrating RADAR (GPR) for archaeological 

explorations.  

2.2.3  Weather RADAR 

Usually RADARs measure the location of a target in terms of range, azimuth and height. But, the 

major difference between meteorological RADAR and other types of RADARs lie in the nature of 

their targets. In case of meteorological RADARs, the targets are distributed in space which occupies a 

large fraction of the spatial resolution cells observed by the RADAR whereas weather RADARs are 

pulsed RADARs with Doppler capability and are known to be Pulsed Doppler Weather RADARs. Since 
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weather RADARs can operated at different frequency bands, we can classify them based on the 

frequency as shown in Figure 2.1.1.1 and utilization of a specific band by operational RADARs in 

Figure 2.1.1.2 along with their band designation, nominal frequency and wavelengths in table 2.1. 

       Figure 2.2.3.1 Waves and frequency ranges used by radar (adopted from www.radartutorial.eu) 

 
Figure 2.2.3.2 Some radars and its frequency band (adopted from www.radartutorial.eu) 

Table 2.2.3.1 Band Designation, Nominal Frequency and Wavelengths (adopted from TURKEY RADAR 

TRAINING 1.0 / ALANYA 2005) 
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2.2.4  L-band RADAR 

Weather RADARs that can be operated over 15-30cm range of wavelength at an operating frequency 

range of 1-2 GHz can be considered as L band RADARs which are mainly used to study clear air 

turbulence. 

2.2.5  S-band RADAR 

Weather RADARs that can be operated over a wavelength of 8-15 cm range at an operating 

frequency of 2-4 GHz can be considered as S band RADARs and their echo signals are less likely 

attenuated, which makes them useful for near as well as far range weather prediction. In general, 

these RADARs require a large dish antenna greater than 25 feet in size with a large motor to power 

it. 

2.2.6  C-band RADAR 

Weather RADARs that can be operated over a wavelength range of 4-8 cm at an operating frequency 

of 4-8 GHz can be considered as C band RADARs. Usually C band RADARs are portable in nature that 

is they are not large enough due to their operating frequency which allows them to create a smaller 

beam width using a smaller dish and consumes less power. This makes them to be useful in 

television broadcasting stations. As the signal can be easily attenuated, this type of RADAR can only 

be used for short range weather observations. 

 2.2.7  X-band RADAR 

Weather RADARs that can be operated over a wavelength range of 2.5-4 cm with an operating 

frequency range of 8-12 GHz can be considered as X band RADARs. An interesting feature with X 

band RADARs is that they are more sensitive in detecting minute particles due to their smaller 

wavelength and hence suitable to study cloud development due to tiny water particles as well as 

light precipitation such as snow. As X band RADAR signals can be easily attenuated, their applications 

are limited to very short range weather observations. They also found applications in airplanes to 

recognize turbulence and associated weather phenomenon as well as for security and space 

applications. 

2.2.8  K-band RADARs 

Weather RADARs that can be operated over a wavelength range from 0.75 – 1.2cm at operating 

frequency bands of 27 – 40 GHz and 12 – 18 GHz.  By considering strong absorption line in water 
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vapour, the frequency band had been splitted at the middle. This band is more sensitive when 

compared with X band and finds applications in security. 

2.2.9  WIND PROFILERS 

To measure the vertical profiles of horizontal wind speed and direction from the ground to above 

the troposphere, wind profiles are best option. In general long wavelength RADARs are used to 

obtain consistent wind profiles in troposphere in all weather conditions. Wind profilers, also known 

as clear-air RADARs, with 404 MHz operating frequency and 74 centimetres wavelength are 

relatively low-power and high sensitive RADARs.  

2.3  RADIOSONDE 

 
Figure 2.3.1 Typical radiosonde flight train, including balloon, parachute and hanger board, 

unwinder mechanism, separation line, and radiosonde (adopted from 

https://www.eol.ucar.edu/homes/junhong/Ency-radiosonde.pdf) 
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Radiosondes are used to collect upper air soundings of the atmosphere. In general, upper air 

soundings are taken to analyze and describe current weather patterns which can be accomplished 

by providing sounding information as inputs to short and medium range computer based numerical 

weather forecast models to support disaster management i.e. forecasting hurricane movement. A 

variant of radiosondes known to be dropwindsondes are launched from weather scouting air craft to 

observe core atmospheric structure of the hurricane as well as in the area downwind of the storm 

itself. Reports indicate that there is a 20% increase in their hurricane forecast accuracy during 

1990’s. Radiosondes continues to play its important role out of diverse suite of measurement 

technologies that are available today i.e. measurements carried out from both insitu and remote 

platforms such as ground based, airborne and satellite platforms. 

The radiosonde is carried into the upper atmosphere by means of a balloon as part of a flight train 

(Figure 2.3.1). The balloon is made of either natural rubber (latex) or synthetic rubber (neoprene). 

The mass of the flight train, the desired ascent rate, the type of gas used, and the maximum height 

of the sounding determine the size of the balloon. Operational radiosonde systems use balloons that 

weigh from 300 to 1200g to ensure an ascent rate of 300mmin-1. Hydrogen, helium or natural gas 

can used to inflate the balloon that provides lifting capacity. The flight train consists of five 

components:  

(1) Balloon  

(2) A parachute to bring the radiosonde safely back to Earth after the balloon bursts  

(3) 20–60m of nylon separation line that isolates the radiosonde’s sensors from water vapor and       

thermal contamination by the balloon  

(4) A dereeler to let out the nylon line after launch and  

(5) radiosonde   

 

2.4  LIDAR 

Monitoring of atmosphere using LIDAR started way back in 1960’s and extensively used during the 

last two decades. LIDAR has several advantages over RADAR as it can probe even the regions that 

are not covered by RADAR. LIDAR is the shortened name of remote sensing instrument that works 

on the concept of “Light Detection and Ranging”, i.e. it detects an object from far away by measuring 

its distance. The instrument consists of four important parts as shown in Figure 2.3.1 below.  A laser 

device sends strong pulses of light in to the upper atmosphere and some of these light pulses get 

scattered in to all directions due to their interaction with air molecules, aerosols and dust particles 

during their upward propagation. The backscattered light can be recognized by using a large 
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telescope which can be sent to the detector unit where it can be converted into equivalent electrical 

signals which can be logged in a data file for computer storage. 
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Figure 2.4.1 schematic diagram showing the basic principle involved in lidar probing of the 

atmosphere. 

LIDAR uses laser that has Q-switched ruby having a wavelength of 0.69 μm or Neodymium having a 

wavelength of 1.06 μm as a source of pulsed energy of given magnitude and duration to initiate 

pulses having peak powers in megawatts within a time duration of 10-20 nsec. Since laser’s energy is 

virtually monochromatic which are highly coherent, the beams are highly collimated in nature. 

When laser energy enters into the atmosphere, it gets scattered due to the presence of gaseous 

molecules, dust particles and cloud droplets which can be detected by the LIDAR system. If the back 

scattered energy is away from the direction of propagation or absorbed by atmospheric 

constituents, the beam intensity will be reduced due to attenuation.  The backscattered energy is 

allowed to pass through a receiver using reflective optics arrangement that directs the beam 

towards a photo multiplier thereby producing an electrical signal whose intensity is proportional to 

the power received by LIDAR signal strength that contains information on presence, range and 

concentration of atmospheric scatterers. 

It is possible to display and analyze the intensity of received signals which are transient in nature as a 

function of range using an oscilloscope with a coordinate system by representing 1km with ~7μs 

interval of time. However, it is necessary to keep a collection of photographs of those displays for 

futuristic analysis. As the velocity of light is known, it is possible to determine the range of the 

scattering region at any instant using the time interval between sampled signal and transmitted 

pulse while the magnitude of the incoming signal can be determined from the backscattering 

properties at successive ranges and bidirectional atmospheric attenuation. In general, as the 

atmospheric constituents increases, back scattering increases because backscattering is influenced 
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by number of particles, size of the particles, shape of the particles, refractive properties of the 

particles interacting with the laser beam and wavelength of laser energy used. Figure 2.4.1 shows 

the block diagram representing remote sensing of atmosphere using LIDAR.  

2.5  GPS Radio Occultation techniques  

When electromagnetic waves passes through a medium from a distant source and reaches the 

receiver, the phase and amplitude of it can be measured by the receiver over the occultation period 

which can be used to understand the physical properties of medium under consideration. In radio 

occultation technique, a radio wave from an emitting source passes through atmosphere before 

being at the receiver terminal. The word “occultation” means source geometry of the source while 

the word “occulted” means geometry of the planet and the word “occulting” means geometry of its 

atmosphere with respect to changes in time at the receiver terminal. 

From the receiver point of view in an occulting case, the source is seen to be either rising or setting 

with respect to limb of the occulting planet. When radio wave from the source passes through 

atmospheric medium, its velocity and direction of propagation will be changed due to the refractive 

properties of the medium thereby changing the phase and amplitude of the wave at the receiver 

terminal with respect to the original values in the absence of medium. These changes can be 

recorded by the receiver which provides information about the refractive properties of the 

interacting medium. Thus radio occultation is the kinematics of the source-receiver pair over the 

duration of an occulting period that provides information about interacting medium. 

Radio occultation technique relies on the fact that atmospheric medium acts much like a spherical 

lens so that microwave signals bends and slows down during their propagation and can pass 

tangentially to the surface known to be lens effect, due to decrease in atmospheric density with 

altitude. If the positions of transmitters and receivers are well known, then the atmospheric delay 

can be computed while its time derivative can be inverted to get atmospheric density with respect 

to altitude. This technique was first developed by Stanford University Centre for Radar Astronomy 

(SUCRA) for studies on planetary atmospheres and experiments based on it at Jet Propulsion 

Laboratory (JPL) yielded significant results by producing considerable variations in amplitude and 

frequency as well as phase of the received signal. Utilizing ground based observation systems on a 

planet like Earth to implement radio occultation technique needs a constellation of Earth orbiting 

satellites whose maintenance costs for transmission at requisite frequencies would be dominant 

while the receiving satellites are comparatively less expensive.  



59 
 

In practice, atmospheric sounding can be obtained with any two cooperating satellites. Earlier 

experiments were carried out to study satellite to satellite tracking link and feasibility of radio 

occultation technique before advancement of GPS. The first occultation experiment with GPS known 

to be GPS/MET (global positioning system/ Meterorology) was carried out using MicroLab-1, 

launched in 1995 which has provided 11000 occultations to recover refractivity, density, 

temperature and water vapour profiles thereby providing engineering proof of concept. This 

encouraged subsequent Earth orbiting satellites to improve their tracking and data processing 

schemes with GPS-occultation capability. The success of GPS/MET experiment also showed its 

impact in formulating a basis for assessing the scientific and societal value of this technique in 

different applications such as meteorology, boundary layer studies, numerical weather prediction 

(NWP) and global climate change. Since then the Challenging Minisatellite Payload (CHAMP in 2001) 

, Satellite de Aplicaciones Cientificas-C (SAC-C in 2001) and Constellation Observing System for 

Meteorology, Ionosphere and Climate (COSMIC/FORMOSAT-3 designated as COSMIC- 1)satellites 

have been launched, from which radio occultation observations are continuously going on. These 

earlier missions alone could return nearly 1000 occultations per day, while COSMIC system will 

provide nearly real time sounding information from about 4000 globally distributed occultations per 

day, which will be assimilated into NWP programs.  

2.5.1  GPS Navigation System 

A state of art operational satellite navigation system consisting of twenty four satellites out of which 

four in each of six covers 12 hours, 20000km circular orbits with all inclined at 550, resulting in a 

constellation that produces global coverage around 24 hours a day. In practice, GPS satellites 

transmit their signals on two L band carrier frequencies i.e. 1575.42 MHz (L1) and 1227.6 MHz (L2). 

Each carrier is phase modulated by a precise ranging code known to be P code consisting of pseudo 

random bit sequences at 10.23 Mbs-1. L1 carrier is further modulated in quadrature with 1.023 Mbs-1 

pseudo random bit sequence for coarse/clear acquisition code (C/A code). Each bit in the sequence 

was going to have a pre-recorded transmission time (usually 1nsec or 30cm for the P code) by the 

clock on-board of each GPS satellite to identify the arrival time of incoming code bits.  

Information regarding GPS orbital positions and clock offsets between them can be sent to the user 

along with other data on 50 bps data message superimposed on channels L1 and L2. The difference 

between transmit and arrival times gives a measure of distance between satellite and receiver while 

the clock offset between transmitter and receiver gives pseudorange. A receiver that measures 

pseudorange of four satellites can determine its instantaneous position as well as its offset time 
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from GPS time with an accuracy of 10-15m and less than a microsecond respectively. Now a day’s 

receivers were equipped with the capability to measure and keep continuous count of carrier phase 

with a precision better than 0.5% at wavelengths of around one millimetre. Continuous phase can 

then be used to construct a record of position change with millimetre precision.  

In order to avoid errors related to transmitter clock uncertainty and receiver clock biases, double 

differencing (DD) technique is used as shown in Figure 2.4.1.1 below. The technique starts by 

forming a “DD observable” using linear combination over set of four observables having common 

errors. By taking the difference between observations of a particular satellite at two receivers, clock 

errors as well as ambiguity related to selective availability (S/A) for that satellite can be cancelled, 

known to be single difference (SD). If SDs are formed for a second GPS satellite and differenced with 

the first SD, a DD is formed thereby cancelling errors common to the receiver clocks.  For COSMIC, 

DD technique can be implemented by considering a network of ground based receivers located at 

known fiducial sites can be used along with the data acquired from COSMIC LEO receiver.   

 
Figure 2.5.1.1 Double Differencing Geometry 

 

2.5.2  Retrieval Method 

The temporal and spatial variations in atmospheric thermodynamic parameters as well as electron 

density and water vapour in the lower and upper atmosphere lead to variable vertical structure of 

refractivity which cannot be characterized by available climatology data. Although, several retrieval 

methods are available and improving over time, none of them have been standardized by COSMIC 

team till now. Therefore, the following discussion is based on classical retrieval methodology.  
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2.5.3  Ionosphere Compensation 

Since presence of electrons in the ionosphere cause a frequency dependent delay in phase with the 

recovered GPS signals and in order to retrieve precise information of neutral atmosphere, we have 

to isolate and remove propagation delays from the retrieved GPS signal. This can be achieved by 

proper selection of two carrier frequencies L1 and L2 as described earlier. By performing dual 

frequency measurements of phase and making use of inverse square relationship between group 

delay and frequency of each carrier, one can arrive at a linear correction which can be expressed as 

shown below: 

TDL1 = 1.5336 X T                     (1)  

Where,  

TDL1is the ionospheric delay on L1 and  

T is the measurable difference in delay between L1 and L2.  

The Doppler frequency offset often affected by the ionosphere can be modelled with a similar linear 

correction:  

fL1 = 3.529 X (∆fL2 - ∆fL1)         (2) 

Where,  

( fL2 - ∆fL1) is the measurable Doppler difference.  

Thus, the first step in retrieving meteorological data from observables can be achieved by making 

corrections to the ionospheric effects, known to be first order correction for ionospheric effects. The 

above corrections are sufficient to retrieve requisite GPS signal because L1 and L2 rays follow nearly 

identical paths in most of the ground based applications satisfying accuracy required for soundings 

below 30 km using COSMIC observations, whereas for profiles above 30 km an advanced technique 

was developed for compensating ionospheric correction by considering the difference between L1 

and L2 rays by COSMIC team. 

2.5.4  Computation of Atmospheric Index of Refraction  

The first and foremost measurement that should be carried out with radio occultation technique is 

the resulting time delay of the signal due to occurrence of phase shift after being transmitted by the 

GPS transmitter. The radio signal propagating from the GPS transmitter to the low Earth orbiter 

(LEO) receiver intervenes with the atmospheric gradients so that signal bends in a curved path due 

to refractive index of the atmospheric medium. The resulting effect of atmospheric medium on the 

path followed by the ray can be expressed in terms of the total refractive bending angle, α, as shown 

in Figure 2.5.4.1 below. 
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                                      Figure 2.5.4.1 Occultation Geometry 
 

Changes that occur in bending angle α with experiment geometry can be understood by making use 

of an impact parameter “a” which can be defined as the perpendicular distance between the centre 

of the planet under observation and the straight line followed by the ray that reaches its 

atmosphere. By combining with the well-known geometry obtained concurrently from other GPS 

satellites, each sampled phase data corrected for ionospheric effects can be transformed in to 

respective values for α and a, which is a straight forward step that involves simple geometrical 

considerations along with basic laws of geometrical optics and relativistic formulas for Doppler 

shifts. 

When an atmosphere with local spherical symmetry i.e. no significant asymmetric horizontal 

changes in temperature or moisture are taken into consideration, then there will be unique 

relationship between α(a) and µ(r), so that the atmospheric refractive index becomes a function of 

radius (r). The refractive index profile µ(r) can then be derived by making use of Abel transform for 

measurements of (a) obtained over complete occultation, as shown in Equation. (3). 

                               lnμ(𝑟𝑚) =  −
1

𝜋
∫

𝛼(𝑎)

(𝑎2−𝑎𝑚
2 )

∞

𝑎𝑚
 𝑑𝑎                   (3) 

where, 

µ (rm) → index of refraction of the layer a distance “rm” from the centre of mass of the planet under 

observation and  

am →  value of “a” for the ray whose radius of closest approach is “rm”.   

Applying equation (3) layer by layer in descending order from uppermost atmospheric layer to 

downward layer nearer to surface, one can get the index of refraction profile of the entire 

atmosphere with the following assumptions: 

(1) The atmospheric shells are spherical in nature, and  

(2) Each shell exhibits a uniform index of refraction, i.e., no horizontal variations. 
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2.5.5  Refraction of Meteorological Parameters  

The following sequence of steps can be followed to derive refractive index profile of meteorological 

parameters. For the sake of simplicity, the process can be described for dry air case followed by the 

effect of moisture.  

2.5.5.1   Dry Air   

In general, the index of refraction denoted by μ, is very close to unity in the terrestrial atmosphere, 

such that it is convenient to define the refractivity N as, 

𝑁 = (𝜇 − 1) 𝑋 106            (4) 

For dry air, N can be expressed as, 

N = 77.60 X (P/T)                 (5)  

Where,  

P → Pressure in millibars   

T → Temperature in Kelvins  

Equation of state for dry air can be expressed as, 

ρ= 0.3484 X (P/T)                 (6) 

Where, ρ is the air density in kgm-3  

Equations (5) and (6) show that ρ is directly proportional to N for dry air, so that ρ(r) can be easily 

obtained from µ(r).  

Next, P(r) can be obtained from ρ(r) by integrating the equation of hydrostatic equilibrium, 

dP/dh = -gρ                       (7) 

Where,  

h → Height  

g → Acceleration of gravity.  

Finally, T can be obtained from P and ρ using Eq. (6).  

 

In summary, vertical profiles of ρ, P, and T can be obtained from µ(r) in a direct and simple manner. 

The total refractive bending angle, α, shown in Figure 2 is quite larger than expected. In general 

maximum bending angle for the Earth’s atmosphere will be around 0.02 radians (10) whereas 

experimental validation reports on phase shift measurements shows that α can be measured with an 

accuracy approaching 10-8 radians so that refractive bending due to terrestrial atmosphere can be 
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resolved to ~1ppm thereby high precision vertical profiles of N,ρ, p and T can be obtained in regions 

of the atmosphere where the air is dry. 

2.5.5.2   General Case  

By modifying the procedure described above, it is possible to consider the presence of water vapour. 

When the effect of water vapour is taken into account, the expression for refractivity becomes, 

N = 77.60 X (P/T) + 3.73 X 105 X (Pw/T2)               (8) 

        (DRY TERM)          (WET TERM)  

Where,  

Pw → vapor pressure of water in millibars.  

Equation (5) have been recalled to consider the dry term while contribution from water vapor 

known to be wet term is taken into consideration as it is significant at lower altitudes of the 

atmosphere above the Earth’s surface. Further, the moist term also exhibits considerable variation 

with location and time. However individual contribution made by dry and moist terms doesn’t have 

unique significance using occultation measurements which introduces ambiguity related to pressure, 

density and temperature profiles while the effects of water vapour at variable and uncertain 

concentrations are indistinguishable from the effects of background variations in temperature and 

pressure. 

At altitudes above 8-10km ambiguity may not be taken into account as the contribution by refractive 

index of water vapour is less (~2%) while the contribution of moisture to refractive index is negligible 

over polar atmosphere during winter. Water vapor limitations in lower troposphere can be 

minimized by using auxiliary methods (microwave radiometry or ground based GPS measurements) 

for estimating water vapour content and making use of independent temperature measurements at 

predefined locations using radiosondes and aircrafts. If the temperature profile in the troposphere 

was well known from model computations, then profiles can be retrieved from these 

measurements, which is suitable for tropical regions where the temperature profiles follow 

relatively small changes whereas moisture fields change significantly in space and time. Still it is 

possible to determine µ and N irrespective of abundant water vapor. 

2.5.6  COSMIC IGOR instrument 

The primary instrument used in GPS-RO receivers is IGOR (Integrated GPS Occultation Receiver) 

developed by JPL and manufactured by Broad Reach Engineering, an advanced system that tracks in 

both phase-locked loop (PLL) mode and in open-loop (OL) mode. OL mode allows to track fluctuating 

RO signals after propagating through moist lower troposphere without tracking errors and loss of 
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lock thereby resulting in reduction of inversion errors as well as improved penetration of the 

retrieved profiles to surface level (Anthes et al., 2008). Each COSMIC spacecraft utilizes two 1×4 

microstrip patch high-gain limb pointing antennas for 50 Hz occulting satellite tracking for 

atmospheric profiling, two single patch antennas (with +15 degree elevation) for 1 Hz precise orbit 

determination (POD) - ionospheric profiling and 50 Hz clock reference satellite tracking for 

atmospheric profiling. The raw RO data output from the IGOR receiver is continuous that consists of 

receiver time, L1 and L2 pseudorange, carrier phase, signal-to-noise ratio (SNR) measurements for 

PLL tracking, the L1 I&Q (inphase and quadrature) samples, Doppler and range models for OL 

tracking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


