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T. P. Yunck, presented at Colloquium On Atmospheric Remote Sensing Using the GPS, Boulder, Colorado, 2004 
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RO Measurement Resolution 

Cross-­‐track    Resolution  (driven  by  First  Fresnel  Zone  dimension)  
   z  ~  2  km  in  stratosphere  
                ~  0.5  km  in  the  lower  troposphere  (using  GO  algorithms)  or  ~  100  m              
   using  Radio  Holographic  inversion  methods  
  
   x  ~  2  km    

GPS   LEO  

Along-­‐track  Resolution  
   y  ~  600  km  in  stratosphere  
                ~  200  km  in  in  the  lower  troposphere  
  

Z 

X 
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GPS R A DI O O C C U LTAT I O N T E C H NI Q U E 

1 ~ 0 

2 

3 

PH ASE D E L AY 

GPS 
O BSE RVA B L ES 

t Δ tE and
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GPSr LEOr

GPS R A DI O O C C U LTAT I O N T E C H NI Q U E 
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- Geometric Optics 
- Radio Holographic 

methods 

Spherical symmetry hypothesis 
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After Single Differencing, the so-called Excess Phase (                             ) still remain 

IC
TP

 
 1

9 
A

pr
il 

20
12

 



J. Wickert, presented at OPAC-2 Workshop, Graz, 2004 

I C TP  19 April 2012 



J. Wickert, presented at OPAC-2 Workshop, Graz, 2004 I C TP  19 April 2012 



J. Wickert, presented at OPAC-2 Workshop, Graz, 2004 
I C TP  19 April 2012 



J. Wickert, presented at OPAC-2 Workshop, Graz, 2004 I C TP  19 April 2012 



BENDING  
COMPUTATION 

Excess Phases L1,L2 

Positions LEO,GPS 

Velocities LEO,GPS 

Bending angle L1,L2 

Impact Parameters L1,L2 

Excess Doppler L1,L2 

Lat,Long Tangent point 
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- Excess Phases data filtering 

- Refraction (symmetry) Centre computation  
Since the formal expression between bending angle and 
refractivity is based on the hypothesis of atmospheric 
simmetry the refractivity centre is defined as the centre of 
the sphere which locally approximates the WGS-84 
ellipsoid. 
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- Excess Phases data filtering 

BENDING  
COMPUTATION 

Excess Phases L1,L2 

Positions LEO,GPS 

Velocities LEO,GPS 

Bending angle L1,L2 

Impact Parameters L1,L2 

Excess Doppler L1,L2 

Lat,Long Tangent point 

- Bending angle vs impact parameter profile 

- Refraction (symmetry) Centre computation  
Since the formal expression between bending angle and 
refractivity is based on the hypothesis of atmospheric 
simmetry the refractivity centre is defined as the centre of 
the sphere which locally approximates the WGS-84 
ellipsoid. 
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REFRACTIVITY  
PROFILE 
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REFRACTIVITY  
PROFILE 

Statist. Optim. Bending angle 
Lat,Long Tangent point 

Impact parameter 

Refractivity 
Dry Pressure 

Dry Temperature 
Tangent point Height 

- Abel Inversion 
 

- Heigths from surface 
Considering the Geoid undulations (hundred of meters with 
respect the Ellipsoid), Refractivity profile can be given with 
respect to the true height (the height above sea level) : 

GRcrRrz pSp

rp 
Tangent point distance 
from the refraction centre  

RC Local Curvature Radius 

G Geoid correction 
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REFRACTIVITY  
PROFILE 

Statist. Optim. Bending angle 
Lat,Long Tangent point 

Impact parameter 

Refractivity 
Dry Pressure 

Dry Temperature 
Tangent point Height 

- Abel Inversion  
 

- Heigths from surface 
 
- Atmospheric profiles extraction 
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Exploiting the Ionospheric 
Compensation, this term 
vanishes 

Dry contribution 

Water Vapour 
contribution 
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REFRACTIVITY  
PROFILE 

Statist. Optim. Bending angle 
Lat,Long Tangent point 

Impact parameter 

Refractivity 
Dry Pressure 

Dry Temperature 
Tangent point Height 

- Abel Inversion 
 
- Heigths from surface 
 
- Atmospheric profiles extraction 
 
- Air Density profile evaluation 
Where water vapour can be neglected: 
 
 

T
pN D6,77

Considering the ideal gases state law: 
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REFRACTIVITY  
PROFILE 

Statist. Optim. Bending angle 
Lat,Long Tangent point 

Impact parameter 

Refractivity 
Dry Pressure 

Dry Temperature 
Tangent point Height 

- Abel Inversion 
 
- Heigths from surface 
 
- Atmospheric profiles extraction 
 
- Air Density profile evaluation 
Where water vapour can be neglected: 
 
- Dry Pressure profile 
It can be evaluated through integration of Hydrostatic equation  

zdzgzpd D

The result is the following 
M
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zM,zM-1,..,z0 are the heigths 
of each atmospheric layer 

pD(z0) (from Climatology) 

Gravity acceleration 
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REFRACTIVITY  
PROFILE 

Statist. Optim. Bending angle 
Lat,Long Tangent point 

Impact parameter 

Refractivity 
Dry Pressure 

Dry Temperature 
Tangent point Height 

- Abel Inversion 
 
- Heigths from surface 
 
- Atmospheric profiles extraction 
 
- Air Density profile evaluation 
Where water vapour can be neglected: 
 
- Dry Pressure profile 
It can be evaluated through integration of Hydrostatic equation  
 
- Dry Temperature profile 

zN
zp

zT D6,77
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OTHER RO 
MISSIONS 
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Radio Occultation Sounder for 
Atmosphere (ROSA) 

 
- Radio Occultation GPS receiver 
 
- Developed for Italian Space Agency by Thales 
Alenia Space 
 
- Open loop (raw sampling) tracking for low 
troposphere sounding, for multi-tone low SNR 
signals and for a faster tracking in rising 
occultations 
 

- High Gain Radio Occultation antenna 
 

T H E I TA L I A N R O Receiver (R OSA) 
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ROSA-ROSSA: Radio Occultation Software for    
ROSA on-board OCEANSAT-2 data processing 
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RESULTS 
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(2003) 
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Data 
observed in 
Dec 2010  
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Slide 71 

GNSS Radio Occultation Assimilation 
Methodology 

Methodology developed by Healy and Thépaut (2006) for NWP 
 
Assimilation of bending angles as a function of impact 
parameters 
No bias correction (data assumed unbiased) 
Between the near-surface and 40 km altitude 
Observation errors assumed uncorrelated in the vertical 

Bending angle 
Impact parameter 

GNSS transmitter 

GNSS RO receiver 

2nd Galileo Colloquium, Padua, 2009  
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Slide 72 

2nd GALILEO Colloquium, Padova, 14-16 Oct 2009 Slide 72 

Observations available for ERA-­Interim 

Drifting buoys 
GNSS Radio 
Occultation 

Radiosondes  
(wind only) 

Atmospheric  
motion vectors  

Radiances TOTAL Radiosondes 

Scatterometers 

Surface pressure 
pseudo-observations 
from Australian 
Bureau of 
Meteorology (PAOB) 

Aircraft 

  

Surface 

Reanalysis involves many observations and types of observations 
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2nd GALILEO Colloquium, Padova, 14-16 Oct 2009 Slide 73 

Average daily usage rate, 
by data-­type 

Sat Sat Sat Sat Conv Conv Conv Conv Conv 

GNSS Radio Occultation are the most largely used (i.e., readily usable) 

2nd Galileo Colloquium, Padua, 2009  
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2nd GALILEO Colloquium, Padova, 14-16 Oct 2009 Slide 74 

Radiosonde temperature validation, North Hemisph. 

Introduction of CHAMP Introduction of COSMIC 

Pinatubo eruption 

2nd Galileo Colloquium, Padua, 2009  
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2nd GALILEO Colloquium, Padova, 14-16 Oct 2009 Slide 75 

Radiosonde temperature validation, North Hemisph. 

Introduction of COSMIC 

Observing System 
Experiment:  

RO data are *not* 
assimilated 

2nd Galileo Colloquium, Padua, 2009  
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Applications: 
C limate, Tropopause, A B L detection, 

Impacts on Tropical Cyclones 
Forecast 
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C L I M AT E APPL I C AT I O NS 

 WMO climate monitoring requirements: 0.5K  accuracy and 0.04 K /dec stability 

 RO observations are thus well suited for establishing a stable, long-term record 
required for climate monitoring 

 Remember that the fundamental observations is a measurement of time! Given the 
long-term stability assured by the GPS system, an accurate measurement of time of 
flight and time of flight variations with long-term stability can be achieved. 

 Consequently, RO products are theoretically expected to have the accuracy and 
stability required for climate applications 

 Finally RO products are also expected to be mission independent (results from 
actual RO missions can be directly compared [using the same processing software] 
directly to results from RO missions that will be launched many decades from now 
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C L I M AT E APPL I C AT I O NS 

R O results are mission indipendent! 

Geophys. Res. 
Lett., 34, 2007. 
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26th  GRAS  SAG  
22nd     23rd  June  2011,  Darmstadt  

Tropospheric Intercomparison 

Bending  angle  bias  (left),  standard  deviations  (middle),  and  penetration  depth  (right)  of  GRAS  raw  sampling  
data   processed   by   different   centres.   Statistics   are   against   ECMWF   forecasts.   Number   of   occultations  
processed  on  sample  day  (30/09/2007)  in  brackets.    

GRAS  raw  sampling  measurements  extensively  studied  within  ESA  study  

First  systematic  cross-­comparison  of  advanced  tropospheric  retrievals  (ever!)  

study  
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 It is the boundary between turbulent mixed layer (below) and stably stratified 
layer (above)  

 It is characterized by temperature inversion phenomena and decrease of humidity 

 The Top of ABL is sharper (its detection is possible only with High Resol 
measurements) 

 
Climate models 

D E T E C T IN G T H E AT M OSPH E RI C B O UND A RY L AY E R 
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Thanks to high 
resolution and 
Open Loop 
capabilities, ABL 
can be detected by 
RO observations 
and its parameters 
can be accurately 
measured 

D E T E C T IN G T H E AT M OSPH E RI C B O UND A RY L AY E R 

-
BAMS, March 2008 I C TP  19 April 2012 



I MPA C T O N T R OPI C A L ST O R M F O R E C AST 

 Observations of moisture fields over oceans (where tropical storms/cyclones 
form and spend most of their life) is critical. Consequently, the numerical forecast 
of their development (cyclone genesis) often fails. 

 RO observations provide accurate and valuable informations on tropospheric 
moisture and temperature. Thus they have great potential to improve tropical 
cyclone predictions. 

 As an example, Tropical Storm E rnesto, originated from East Africa on 18 
August 2006, crossed the Atlantic Ocean.  
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IR satellite photo of Tropical 
Storm E rnesto for 00:00 UTC, 
26 Aug 2006 

66 h forecast of vertically 
integrated cloud water mixing 
ratio generated by WRF NWP 
Mdl (initialized using NCEP 
analysis at 06:00 UTC, 23 Aug, 
2006) without  R O 
observations assimilation 

-
BAMS, March 2008 I C TP  19 April 2012 



IR satellite photo of Tropical 
Storm E rnesto for 00:00 UTC, 
26 Aug 2006 

66 h forecast of vertically 
integrated cloud water mixing 
ratio generated by WRF NWP 
Mdl (initialized using NCEP 
analysis at 06:00 UTC, 23 Aug, 
2006) with the assimilation of 
15 C OSM I C R O observations 
performed between 03:00 and 
09:00 U T C , 23 Aug, 2006 
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BAMS, March 2008 I C TP  19 April 2012 



IR satellite photo of Tropical 
Storm E rnesto for 00:00 UTC, 
26 Aug 2006 

09:00 U T C , 
GPS R O data may be useful in 
improving numerical forecasts 
of tropycal cyclone genesis 

-
BAMS, March 2008 I C TP  19 April 2012 



Applications: 
I O N OSPH E R E PR O F I L IN G 

I M A G IN G A ND SPA C E W E AT H E R 
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E F F E C T I V E APPL I C AT I O N W I L L B E 
G I V E N IN T H E F R A M E W O R K O F T H E 
N E X T TA L KS. In particular, for the R O 

 

E lectron Density Profiling through Radio 
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