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Outline
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GNSS Radio Occultation
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GNSS Radio Occultation (2)
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GNSS Radio Occultation (3)
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GNSS Radio Occultation Calibration
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Climate OSSEs

Benchmark 
Measurement

�• Traceable to
international standards

�• Minimize sampling
error

Climate 
Uncertainty

�• Shortwave forcing

�• Longwave forcing

�• Climate feedbacks &
sensitivity

Climate OSSE

�• Simulate trends in
observable as
produced by different
models

�• Explore information
content with various
contravariant
fingerprints

Climate OSSE Results
�• Detection time and accuracy requirements

�• How measurement constrains climate predictability

�• Relative redundancy with other benchmark data types
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CLARREO GNSS Radio Occultation
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Disentangling ambiguities in IR

Cumulative Signal
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Disentangling ambiguities in IR (2)
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GNSS RO Accuracy Requirements
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Error Budget: GNSS RO

Phase rate error (mm/s) Refractivity error (%) Phase rate error (mm/s) Refractivity error (%)

Systematic
RO antenna phase center determination 0.021 0.0007% 0.021 0.0007%
Atmospheric multipath 0.000 0.000
Ionospheric residual 0.300 0.0100% 0.060 0.0020%
LEO POD 0.054 0.0018% 0.000 0.0000%
Clock accuracy 0.030 0.0010% 0.000 0.0000%
Nonlinearity (retrieval?) 0.150 0.0050%
Attitude knowledge 0.024 0.0008% 0.024 0.0008%
Attitude rate knowledge 0.150 0.0050% 0.030 0.0010%
Local multi-path 0.240 0.0080% 0.060 0.0020%
Total 0.418 0.0139% 0.178 0.0059%

Random
Instrument precision 0.240 0.0080% 0.060 0.0020%
Ionospheric scintillation 0.060 0.0020% 0.000 0.0000%
Gravity waves 0.090 0.0030% 0.000 0.0000%
Clock precision 0.099 0.0033% 0.000 0.0000%
Total 0.281 0.0094% 0.060 0.0020%

Systematic
Diurnal cycle n/a 0.0100% n/a 0.0300%
Total n/a 0.0100% n/a 0.0300%

Random
Sampling density n/a 0.0220% n/a 0.0800%
Total n/a 0.0220% n/a 0.0800%

Total systematic error (target) 0.0170% 0.0570%
Total systematic error 0.0172% 0.0306%

Total random error (target) 0.0250% 0.0820%
Total random error 0.0239% 0.0800%

Measurement Requirement B: Climatological Averaging

Troposphere (5-20km) Lower Troposphere (2-5km)
CLARREO GNSS RO Error Budget

Testing that requirements are met for this region to be done at
18km.

Testing that requirements are met for this region to be done at
3km.

Measurement Requirement A: Individual Sounding

0.022%
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Sampling Error
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Sampling Error

CLARREO, 2 polar LEOs, GPS only
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Sampling Error, CHAMP & COSMIC
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Sampling Error, CHAMP & COSMIC
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Systematic sampling error cause
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Analysis: Bayesian Interpolation

2 = t w 2
+  w Cw
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Analysis: Bayesian Interpolation (2)

2 = t w 2
+  w Cw

B =   

A = B + C

w =A 1   t

= k TraceA 1C = N t w 2
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Analysis: Bayesian Interpolation (3)
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Systematic Sampling Error
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Systematic Sampling Error
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Summary

This work was funded by a grant from the NASA Jet Propulsion Laboratory�’s
Director�’s Research and Discretionary Fund and by the CLARREO Project.
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Extra slides
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GNSS RO Missions
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More general: Bayes (or just marginalization)

 variablesprediction:

 variablesobservable:

)()|()()|(),(

y

x

xxyyyxyx PPPPP ==

Form joint PDF P(x,y) using an ensemble of climate models. For each model,
need (1) observation kernel to simulate data x from hindcast run, and (2)
emissions scenario run to generate prediction variables y.

Natural variability in x and y and uncertain physics will both be accounted for.

With data d, set x = d and P(y|x=d ) is the projection PDF with data
incorporated. P(x) is a normalization constant that guarantees a unit integral
of P(y|x) over y.
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Simple Solution
Assume Gaussian statistics

= x
2

x y

x y y
2

 

 
 

 

 
 

y posterior = y prediction + y

x

d

y,posterior
2 = y

2 (1 2)

Covariance for (x,y):

Projection y:

Projection uncertainty:

x

y
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Multivariate Solution

=
xx xy

yx yy

 

 
 

 

 
 

yposterior = y prior + yx xx
-1 (d x prior )

y |d = yy yx xx
-1

xy

Optimization

�• Continuum of models is assumed, solving the problem of reality ensemble
averaging (REA)

�• Higher dimensionality in x (observation) reduces posterior uncertainty but
requires greater number of models in ensemble.

�• Information is provided by correlation. Which data types are the most
important for improving climate prediction?

Correlation of
prediction and data

Ensemble uncertainty Information provided by data
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Information in data types

Infer 50-yr temperature trend from observed 20-yr trends:
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Application of Reanalyses: Central U.S.
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Application of Reanalyses: Sahel
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