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Motivation for Study 

•  GPS RO bending angle is a fundamental observable useful for: 
–  NWP Data Assimilation 
–  Climate Monitoring 

•  “Ionosphere free” bending angles are computed from the L1 and L2 
excess atmospheric phase data and knowledge of the positions/
velocities of the transmitting and receiving satellites 

•  These computations are not perfect and can lead to random and 
systematic bending angle errors that must be quantified for data users 

•  This presentation uses collocated COSMIC occultation data to answer 
these questions: 
–  Are GPS RO bending angles “Mission Independent”, i.e., no 

inter-satellite bias? 
–  What is the magnitude of the observational bending angle 

noise (precision) and how does it vary in height, latitude, and 
local time? 

–  How does this noise change when the transition height 
between Geometric Optics and Radio-holographic processing 
is set to 10 or 20 km? 
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COSMIC at a Glance 
  Constellation Observing System for Meteorology 

Ionosphere and Climate (FORMOSAT-3) 
  Joint US, Taiwan Mission                                                 
  6 Satellites launched in April 2006 
  Orbits: alt=800km, Inc=72deg 
  Weather + Space Weather data 
  ~2,500 global observations per day: 

●  Pressure, Temperature, Humidity 
●  Refractivity 
●  Ionospheric Electron Density 
●  Ionospheric Scintillation 

  Demonstrate quasi-operational GPS limb sounding 
with global coverage in near-real time 

  Climate Monitoring 
  Useful for CAL/VAL studies (Radiosondes, AMSU, 

SSMI, NWPs, TIEGCM) 
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Data Processing Flow 
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Bending Angle Calculation�

Determining Bending from observed Doppler �
(Geometric optics) 
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Determining Bending with  
Radio-holographic Methods 

The goal is to determine impact parameters and 
bending angles for all rays arriving at receiver 
during RO. 

When only one ray arrives at each point, the 
arrival angle is determined from the derivative of 
phase (Doppler). 

This is not possible when several rays are 
arriving at one point. 

Multi-path propagation almost always occurs the 
moist troposphere. 

RH methods allow to find arrival angles for 
individual rays under multi-path propagation. 

RH methods use both phase and amplitude of 
RO signal. 
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Data Processing Flow 

2) Filtering of raw L1 & L2 Doppler 

3) Estimation of the “occultation point” 

4) Transfer of the reference frame to 
the local center of Earth’s curvature 

5) Calculation of L1 and L2 bending 
angles from the filtered Doppler 

8) Ionospheric calibration of the 
bending angle 

6) Calculation of the bending angle 
from L1 raw complex signal, FSI 

7) Combining (sewing) (5) and (6) L1 
bending angle profiles 

9) Optimal estimation of the 
bending angle 

10) Abel inversion 

Input (phase,amplitude, LEO/GPS 
position and velocity) 

Output 

1) Detection of L1 PLL tracking errors and 
truncation of the signal 

1a) Open-Loop Data Processing 
NDM Removal, Phase connection 

11) Retrieval of P,T 

(Kuo et al., 2004) 
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COSMIC Collocated Occultations 

COSMIC #3 COSMIC #2 
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Collocated Retrievals 

Inversions of pairs of collocated 
COSMIC occultations with 
horizontal separation of ray 
tangent point (TP) < 10 km.  

Upper panel: tropical soundings, 
2006, DOY 154, 15:23 UTC, 
22.7S, 102.9W.  

Lower panel: polar soundings: 
2006, DOY 157, 13:14 UTC, 
72.6S, 83.5W. 
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Precision from Collocated Soundings 

•  Only precision (not accuracy) can be estimated from collocated 
soundings 

•  Thermal noise (uncorrelated for any two occultations) affects precision 
and accuracy 

•  Horizontally inhomogeneous irregularities whose correlation radii are 
less than TP separation affect precision and accuracy 

•  Systematic ionospheric residual errors degrade accuracy 
•  Errors due to calibration of excess phase (POD and single-differencing) 

affect precision and accuracy 
•  Insufficient tracking depth (including loss of L2) degrades accuracy 
•  Different tracking depths for a pair of occultations degrades precision 
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Bending Angle Precision Results 

•  The following results were computed from COSMIC data available at the 
COSMIC Data Analysis and Archive Center (CDAAC) 

•  Collocated (Tangent points within 10km) raw bending angle profiles from 
COSMIC3 are differenced with COSMIC4 at common impact heights and 
statistical results are plotted for different geographic regions 

•  Two cases are plotted 
–  GO/RH Transition height of 10km (on left) 
–  GO/RH Transition height of 20km (on right) 

•  Some outliers (bad L2 tracking) were removed  
•  Daterange = 2006.200-365  
•  2 ranges of impact height are shown for visibility 

–  15 to 60 km  
–  0 to 15 km 

•  Legend: Mean = Black, STD = Green, STD of mean = Red, Count = Blue 
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Global Region 

20km GO/RH  
Transition ht. 

10km GO/RH  
Transition ht. 

15km < Impact height < 60km 
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0km < Impact height < 15km 

Small bias of 
~ -1.0e-4 rad 



The figures above show the bending angle correlation matrix 
for a set of collocated profile differences from 2006.200-210 
for the 10km (left) and 20km (right) GO/RH transition heights 



20km GO/RH  
Transition ht. 

Polar Region (60<lat<90) 

10km GO/RH  
Transition ht. 

15km < Impact height < 60km 
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0km < Impact height < 15km 



Tropics (lat<30) 

20km GO/RH  
Transition ht. 

10km GO/RH  
Transition ht. 

15km < Impact height < 60km 
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0km < Impact height < 15km 



Conclusions 

•  Are GPS RO bending angles “Mission Independent”, i.e., no inter-satellite 
bias? 

–  YES, there is no statistically significant bias between two COSMIC satellites (COSMIC3-
COSMIC4) 

–  The small bias in lower troposphere, ~-1e-4 rad, may be due to OL Doppler mismodeling and 
requires further study 

•  What is the magnitude of the observational bending angle noise (precision, 
not accuracy) and how does it vary in height, latitude, and local time? 

–  The global bending angle noise above 25 km is ~1.8e-6 radians for a single profile 
–  The global bending angle noise is maximum at 3km impact height; ~1.1e-3 radians for a 

single profile 
–  The noise in the lower troposphere is anti-correlated with latitude (tropics twice larger than 

poles 
–  The noise does not change significantly with local time 

•  How does this noise change when the transition height between Geometric 
Optics and Radio-holographic processing is 10 or 20 km? 

–  The bending angle noise increases by a factor of >2 (between 10 and 20 km heights) for the 
20 km GO/RH transition height case 

–  The correlation radius is ~1km for GO errors, and very small for RH errors, as expected 
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