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Outline

Å GPS-RO technique: basic physics, measurement geometry.

ïProcessing of GPS-RO measurements, and the ñstandardò GPS-

RO temperature retrieval.

Å Assimilation/impact of GPS-RO in NWP and reanalysis.

ïReduction of stratospheric temperature biases. 

ïGPS-RO ñnull-spaceò

ïNew dataset for model developers.

Å Estimate how the GPS-RO impact scales with observation number 

using and ensemble of data assimilations (EDA).

Å Current/future work.

Å Summary.



Radio Occultation: Some Background

Å Radio occultation (RO) measurements have been used to study 

planetary atmospheres since 1960ôs.

Å Active technique : How the paths of radio signals are bent by 

refractive index gradients in an atmosphere (SnelôsLaw).

Å Application to Earthôs atmosphere proposed in 1965, but no obvious 

source of the radio signals.

Å Use of GPS signals discussed at the Jet Propulsion Laboratory 

(JPL) in late 1980ôs.In 1996the ñGPS/MET experiment ò 

demonstrated useful temperature information could be retrieved 

from the GPS RO measurements. GPS-RO.



GPS-RO geometry 
(Classical mechanics : deflection in a gravitational field/charged particle by a spherical potential!) 

a

Setting occultation: LEO moves behind the earth.

We obtain a profile of bending angles, a, as a function of

impact parameter, .  

The impact parameter is the distance of closest approach for the straight 

line path. Determines tangent height, analogous to angular momentum .
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GPS-RO characteristics

ÁGood vertical resolution ( Show an example later ).

ÁPoor horizontal resolution :~70% of the bending occurs over a 

~450km section of ray-path, centred on the tangent point (point 

on path closest to surface) ïbroad horizontal weighting 

function, with a ~ Gaussian shape to first order !

ÁAll weather capability: not directly affected by cloud or rain.

ÁThe bending is ~1-2 degrees at the surface, falling exponentially 

with height. The scale-height of the decay is approximately the 

density scale-height.

ÁA profile of bending angles from ~60km tangent height to the 

surface takes about 2 minutes. Tangent point drifts in the 

horizontal by ~200-300 km during the measurement.



Ray Optics Processing of the GPS RO 

Observations
GPS receivers do not measure bending angle directly!

GPS receiver on the LEO satellite measures a series of phase-delays,

ɟ (i-1), (̬i), (̬i+1),é at two GPS frequencies:

L1 = 1.57542 GHz

L2 = 1.22760 GHz

The phase delays are ñcalibratedò to remove special and general 

relativistic effects and to remove the GPS and LEO clock errors 

(ñDifferencingò, see Hajj et al. (2002), JASTP, 64, 451 ï469). 

Calculate Excess phase delays: remove straight line path delay, 

Ўʍ(i).

A time series of Doppler shifts at L1 and L2 are computed by 

differentiating the excess phase delays with respect to time.  



Processing of the GPS -RO observations (2)

The ray bending caused by gradients in the atmosphere and 

ionosphere modify the L1 and L2 Doppler values, but deriving the 

bending angles, a, from the Doppler values is an ill-posed 

problem (an infinite set of bending angles could produce the Doppler).

The problem made well-posed by assuming the impact parameter,   

given by 

has the same value at both the satellites (spherical symmetry). 

Given accurate position and velocity estimates for the

satellites, and making the impact parameter assumption,

the bending angle, a, and impact parameter value can be

derived simultaneously from the Doppler.  
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The ionospheric correction
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We have to isolate the atmospheric component of the bending angle. 

The ionosphere is dispersive. Compute a  linear combination of 

the L1 and L2 bending angles to obtain the ñcorrectedò bending 

angle. See Vorobôev+ Krasilônikov, (1994), Phys. Atmos. Ocean, 29, 

602-609.

ñCorrectedò bending

angles

Constant given in 

terms of the L1 and 

L2 frequencies. 

How good is the correction? Does it introduce time varying 

biases? Impact on climate signal detection? I donôt think itôs a 

major problem in regions where the GPS-RO information content 

is largest.
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Ionospheric correction: A simulated example

L1
L2

Log scale

The ñcorrectionò is large. Traceability of GPS-RO?  

Minimum error value 

when assimilating



Deriving the refractive index profiles
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Assuming spherical symmetry the ionospheric corrected

bending angle can be written as: 

We can use an Abel transform to derive a refractive index profile

Convenient variable (x=nr)

(refractive index * radius)

Corrected Bending angle

as a function of impact

parameter
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Note the upper-limit

of the integral! A priori information

needed to extrapolate to infinity. 





Refractivity and Pressure/temperature profiles:

ñStandard or Classical retrieval ò
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The refractive index (or refractivity) is related to the pressure, 

temperature and vapour pressure using two experimentally 

determined constants (from the 1950ôs and 1960ôs!) 

If the water vapour is negligible, the 2nd term = 0, and the 

refractivity is proportional to the density   
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refractivity

This two term expression is 

probably the simplest 

formulation for refractivity, but  

it is widely used in GPS-RO.

We now use an alternative 

three term formulation, 

including non-ideal gas 

effects 

So we have retrieved a 

vertical profile of density!



ñClassicalò retrieval

The temperature profile can then be derived with the ideal gas law:
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GPSMET experiment (1996) : Groups from JPL and UCAR 

demonstrated that the retrievals agreed with co-located analyses 

and radiosondes to within 1K between ~5-25km.

EG, See Rocken et al, 1997, JGR, 102, D25, 29849-29866. 
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We can derive the pressure by integrating the hydrostatic 

equation
a priori



GPS/MET Temperature Sounding 

(Kursinski et al, 1996, Science, 271, 1107-1110, Fig2a)

GPS/MET - thick solid.

Radiosonde ïthin solid.

Dotted - ECMWF anal. 

Results like this by 

JPL and UCAR in mid 

1990ôs got the subject 

moving.

(Location 69N, 83W.

01.33 UT, 5th May, 1995) 



GPS-RO limitations ïupper stratosphere

In order to derive refractivity the (noisy ïe.g. residual ionospheric

noise) bending angle profiles must be extrapolated to infinity ï

i.e., we have to introduce a-priori. This blending of the observed 

and simulated bending angles is called ñstatistical optimizationò. 

The refractivity profiles above ~35 km are sensitive to the choice of a 

priori. 

The temperature profiles require a-priori information to initialise the 

hydrostatic integration. Sometimes ECMWF temperature at 45km!

I would be sceptical about any GPS-RO temperature profile 

above ~35-40 km, derived with the classical approach. It will be 

very sensitive to the a-priori!



Limitations ïlower troposphere

Horizontal gradient errors caused by the assumption of local 

spherical symmetry (variation of humidity over 100ôs km).  

Atmospheric Multipath processing ïmore than one ray is 

measured by the receiver at a given time:

Wave optics retrievals: Full Spectral Inversion. Jensen et al

2003, Radio Science, 38, 10.1029/2002RS002763. (Also improve vertical. res.)

Improved GPS receiver software: Open-loop processing. 

Multipath: More than one ray arrives at

the receiver. They interfere.

Single ray region ïray optics approach ok!



Use of GPS -RO in NWP

Å The major Global NWP centres now assimilate GPS -RO 

measurements from Metop -A and Metop -B GRAS, COSMIC and 

some research missions ( eg, GRACE-A/B, TSX).

Å NWP centres assimilate either:

ïBending angle profiles (ECMWF, MF, NCEP, Met Office, DWD, 

NRL, JMA)

ïRefractivity (Env. Can., é?) 

Å NWP centres assimilate the measurements without bias 

correction using a 1D operator.

Å Essentially treat the information as a profile, not a 2D, limb 

measurement. NWP centres have generally very found good 

impact on temperatures between ~7 -35 km .





Current assimilation at ECMWF

Å We assimilate bending angles with a 1D operator . We ignore the 
2D nature of the measurement and integrate

Å The forward model is quite simple:

ï evaluate geopotential heights of model levels

ï convert geopotential height to geometric height and radius values

ï evaluate the refractivity, N, on model levels from P,T and Q. 

ï Integrate, assuming refractivity varies (exponentially*quadratic) 
between model levels. (Solution: Gaussian error functions).

ï Following NCEP + MF , we now include tangent point (2011).

ï 2D operator being tested currently at ECMWF (CY40R3).
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Convenient variable (x=nr)

(refractive index * radius)



1D bending angle weighting function 

(Normalised with the peak value)

Very sharp weighting function in the vertical ïwe can resolve structures

that nadir sounders cannot!
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(See also Eyre,  ECMWF Tech Memo. 199.) 

Weighting function peaks at the 

pressure levels above and below the 

ray tangent point. Bending related to 

vertical gradient of refractivity:

Increase the T on the 

lower levelïreduce the

N gradient ïless bending!

Increase the T on the 

upper  levelïincrease 

N gradient more bending! 
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Sharp structure near 

the tangent point 

hydrostatic tail



GPS -RO and IASI: 1DVAR simulations

Background

IASI

RO

RO+IASI

RO 

IASI
Expected retrieval error:

Power to resolve a peak-shaped error 

in background: Averaging Kernel.

Healy and Collard 2003, 

QJRMS:



Assumed ( global ) observation errors and actual 

(o-b) departure statistics

See http://www.romsaf.org/monitoring/
Consistent with (o-b) stats. 

Met Office model varies with latitude.

Forward 

model bias



Impact at ECMWF

Å ECMWF has assimilated GPS-RO bending angles operationally 

since December 12, 2006. 

Å Main impact on upper-tropospheric and lower/mid stratospheric 

temperatures.

ïGPS-RO measurements are assimilated without bias 

correction, so they can correct (some) model biases. 

ïVery good vertical resolution, so they can correct errors in 

the ñnull spaceò of the radiance measurements.



Impact of GPS -RO on ECMWF operational 

biases against radiosonde measurements

Operational implementation



Fractional improvement in the southern 

hemisphere geopotential height RMS scores

Similar results obtained at the other major NWP centres.

+ve impact



Stratospheric ringing problem over Antarctica

reduced by assimilating GPS -RO



BUT GPS-RO has a ñnull spaceò
Å The measurement is related to density (~P/T) on height levels 

and this ambiguity means that the effect of some temperature 

perturbations canôt be measured. Assume two levels separated 

by z1, with temperature variation T(z) between them. Now add 

positive perturbation ȹT(z)~k*exp(z/H), where H is the density scale 

height

Å The density as a function of height is almost unchanged. A priori 

information required to distinguish between these temperature 

profiles. (Height of a pressure level). 

P,T,P/T

Pu,Tu,(P/T)u

z1, T(z)
T(z)+ȹT(z)

z2=z1+ȹz

P and T have increased 

at z, but the P/T is the 

same.

z



Null space ïhow does this temperature difference at 

the S.Pole propagate through the observation operator 

xD xH DÖ

Assumed ob 

errors

The null space arises because the measurements are sensitive 

to ~P(z)/T(z). A priori information is required to split this into 

T(z) and P(z). 

1K at ~25km



Compare with Steiner et al 

(Ann.Geophs., 1999,17, 122 -138)

Temperature retrieval 

error caused by a 5 % 

bias in the background 

bending angle used in 

the statistical optimization


