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Radio occultations 

1. Measurements of refraction of radio signals of GNSS (GPS, GLONASS, 
Galileo) in the Earth's atmosphere on limb paths. 

2. Retrieval of vertical profiles of temperature, pressure and humidity. 

GPS signals: 
L1: 1.57542 GHz, 19.04 cm 
L2: 1.22760 GHz, 24.43 cm 



Radio occultations 
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Basic variables 
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Amplitude [V/V] 

Atmospheric phase excess [m] 

Difference between the full optical path and GPS–LEO 
distance 

Satellite orbit data 

Measured quantities 

( )M tΨ Phase excess model 

It is evaluated for a climatic atmospheric model and 
describes the Doppler frequency shift with an accuracy of 
10–15 Hz 



Example of amplitude 



     Example of phase excess 
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For the retrieval of ray manifold structure in 
multipath zones, we used approaches 
introduced by V.A.Fock, V.P.Masolv, 
Yu.V.Egorov, and L. Hörmander and 
developed the Canonical Transform method. 

Multipath propagation 
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Projections of ray manifold 
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Amplitude is the energy density wrt time 



Projections of ray manifold 
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CT amplitude is the energy density wrt impact height 
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Wave field in t- and p-representation: 

Linear transform between the representations 

( ) ( ) ( )ˆ ,u p K p t u t dt= ∫
corresponds to the canonical transform 

( ) ( ), ,t pσ → ε
conserving the volume element of the ray (phase) space: 

Canonical Transforms 
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Canonical Transforms 

Canonical transform is a linear reversible transformation of the wave field. 
The transform is expressed in terms of Fourier Integral Operator (FIO), which is a 
linear operator with the oscillating kernel. 
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Representations 

Egorov’s theorem 
 
Canonical transform is a linear reversible transformation of the wave 
field. The transform is expressed in terms of Fourier Integral Operator 
(FIO), which is a linear operator with the oscillating kernel. 
Canonical transform is a representation of the wave field. This means 
that the dynamic equation for the field is also transformed. 
 
The canonical transform: 

𝑦, 𝜂� → 𝑧, 𝜉 , 
where momenta are associated with differential operators. 
The original dynamic equation: 

−
1
𝑖𝑖
𝜕𝜕
𝜕𝜕

= 𝐻 𝜕, 𝑦, 𝜂� 𝜕, 
where 𝐻 is the Hamilton function and 𝜕 is the propagation coordinate. 
The transformed equation: 

−
1
𝑖𝑖
𝜕Φ�𝜕
𝜕𝜕 = 𝐻 𝜕, 𝑦 𝑧, 𝜉 , 𝜂 𝑧, 𝜉 Φ�𝜕, 

where Φ�  is the FIO associated with the canonical transform. 



Canonical Transforms 

Back Propagation is also a canonical transform. 
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This type of transform has non-optimal coordinate lines in the phase space. 
The standard CT (FSI, PM, CT2) use the impact height as the new coordinate. 

The transform parameter: 
𝜕𝐵 - the BP plane position 



Example: BA 

Simulations based on fixed ECMWF field: 5 Feb 1997, UTC 00:00 
 



Example: 
Sokolovskiy front 

Sokolovskiy front: MWR 133, 2200 (2005): 
 

𝑁 𝑧,𝜃 = 𝑁0exp −
𝑧
𝐻

1 + 𝜇 sin
𝜋𝑧
2𝜀

− 𝑅𝑒
𝜃
𝑑

, 

 
𝑁0 = 340 N−units, 𝐻 = 7.5 km, 𝜇 = 0.15, 𝜀 = 0.15, 𝑑 = 15.0 km, 𝑧 = 𝑟 − 𝑅𝑒   



From [M. E. Gorbunov and K. B. Lauritsen, Error Estimate of Bending Angles in the Presence of 
Strong Horizontal Gradients, in: “New Horizons in Occultation Research. Studies in Atmos-phere 
and Climate”, editors: A. Steiner, B. Pirscher, U. Foelsche, and G. Kirchengast. – Springer Berlin 
Heidelberg, 2009, 360 p. – p. 17–26, doi: 10.1007/978-3-642-00321-9_2]. 

Dynamic equation for impact 
parameter: 
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Reflected rays 
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( )E E Ep r n r= Er – Earth's radius 

From the refraction angle profile of reflected rays, it may be 
possible to estimate the surface refractivity. 
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Reflected rays: 
modified impact height 

The CT2 method uses the linearized form of Phase Matching transform 
 

𝑑0 𝑡  - smooth model of impact parameter 
𝜎0 𝑡  - smooth model of eikonal derivative 

Υ 𝑡 = ∫ 𝜕𝑝0
𝜕𝜕

−1
𝑑𝑡 - new coordinate 
𝛿Υ = 𝛿𝜀 𝑑  

𝜎 = 𝑑Ψ
𝑑𝜕

 - old momentum 

𝜂 = 𝑑Ψ
𝑑Υ

= 𝜕𝑝0
𝜕𝜕

𝜎 - new momentum 

𝑓 𝑡 = 𝑑0 𝑡 − 𝜕𝑝0
𝜕𝜕
𝜎0 𝑡  - ancillary function 

The original transform: 
 

𝑑 = 𝑓 Υ + 𝜂 
𝜉 = −Υ 

 
The modified coordinate: 
 

𝑑′ = 𝑑 + 𝛽Υ 
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Horizontal gradients: 
modified impact height 

CTA = a composition of standard CT with an affine transform 
Additional affine transform: 
 

𝑑′ = 𝑑 − 𝛽 𝜉 − 𝜉0  
𝜉′ = 𝜉 

 
Generating function: 
𝑑𝑆𝛽 𝑑′, 𝜉 = 𝜉𝑑𝑑′ + 𝑑𝑑𝜉 = 

= 𝜉𝑑𝑑′ + 𝑑′ + 𝛽 𝜉 − 𝜉0 𝑑𝜉 
 

𝑆𝛽 𝑑′, 𝜉 = 𝜉𝑑′ + 𝛽
𝜉 − 𝜉0 2

2  

New operator: 
Φ�2

𝛽 𝜕 𝑑𝑝 = Φ� 𝛽 Φ�2 𝜕 𝑑𝑝  
 

Φ�2
𝛽 𝜕 𝑑𝑝 = �

𝜕2𝑆𝛽
𝜕𝑑𝑝𝜕𝜉 exp 𝑖𝑖𝑆𝛽 𝜕� 𝜉 𝑑𝜉 = � exp 𝑖𝑖𝑆𝛽 𝜕� 𝜉 𝑑𝜉 















Statistical analysis 



Conclusions 
1. Canonical transforms is a very general class of linear representations 

of signals. 

2. Canonical transforms depend on the choice of coordinates in the 
phase space associated with the signal. 

3. In RO data processing, CT, FSI, PM, and CT2 operators were based 
on the impact height representation. 

4. To better account for the horizontal gradient, a more general choice of 
coordinate is possible, referred to as CTA: a composition of the 
standard CT with an affine transform. 

5. Statistical tests of CTA indicate an improvement in RO retrievals: 
decrease of systematic and random errors. 

6. The improvement is small, as expected: the time of big solutions has 
passed. 



Mischief managed 
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