
Validation of the non-local linear observation
operator with high-resolution WRF model

and CHAMP radio occultation data

S.Sokolovskiy1, Y.-H.Kuo1,2 and W.Wang2

1UCAR-COSMIC, 2NCAR-MMM



How well does the Abel-retrieved refractivity represent the
local atmospheric refractivity at the estimated ray tangent
point in the presence of strong horizontal gradients?



The Abel-retrieved (AR) N is a non-local, non-linear
function of the 2-D refractivity in occultation plane.

Modeling of RO AR N as the local N may result
in significant errors, especially, in the troposphere.

Accurate modeling of RO bending angle by ray-tracing
is computationally expensive.

An alternative: the use of the linearized, non-local
observation operators: refractivity (Syndergaard et al.);
bending angle (Poli); phase (Sokolovskiy et al.)
These operators are simple and computationally
efficient, though they account fairly well for horizontal
N-gradients. 
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The phase integrated along the straight line:

Inversion of the integrated phase
(under the assumption of spherical symmetry):
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Non-local (“2-D mapped”) refractivity (Syndergaard, et al.)

The non-local (NL) refractivity is a better model of the observation Abel- retrieved
(AR) refractivity, then the local refractivity at the estimated tangent point.

The information about the horizontal N-gradients is convolved in similar way
in the observation AR refractivity and in the NL refractivity.

The errors related to linearization are cancelled to a major extent when modeling
and inverting the “straight-line phase”.
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Linearization of the excess phase
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true ray does depend on N

ray model (straight line) does not depend on N



Linear phase is not an accurate approximation of the true
observation RO phase (especially in troposphere), but:

the new observable, linear phase from the Abel-retrieved N:

                                                                                   (1)

the model of this observable, linear phase from the 3-D
NWP model N:

                                                                                   (2)

result in significant cancellation of the linearization errors.
The information about horizontal N-gradients is convolved
in both               and

The use of the same finite-difference approximation in (1)
and (2) results in cancellation of the discretization errors.
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Validation of the non-local linear phase and refractivity
observation operators with high-resolution WRF model
(34 levels from 0 to 20 km, 4 km horizontal resolution)

Simulated ensemble of 300 occultations in one plane
(for visualization of the spatial structure of the errors)

For each simulated occultation:

1) Calculation of the bending angles by ray-tracing.
2) Abel inversion.
3) Comparison of the AR N and the WRF local N.
4) Calculation of the linear phase S from AR N.
5) Calculation of the linear phase S from 2-D WRF N.
6) Comparison of the linear phases (4) and (5).
7) Inversion of the modeled phase (5) into non-local N.
8) Comparison of the AR N and the WRF non-local N.



Case 1: Hurricane Isabel (2003)

• Developed in the lower Atlantic
ocean, tracked northwest and
landed at North Carolina coast
on Sept 18, 2003

• The hurricane was category 4 or
5 for a period of 6 days.

• The WRF simulation covered a
period when the hurricane was
category 2.

• 24-h forecast from 4-km WRF
simulation, valid at 0000 UTC
17 September 2003.
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Errors in the troposphere: local refractivity >10%; non-local refractivity <2%;
phase <1%

Original, 4 km WRF horizontal resolution



Horizontal model resolution degraded to 100 km. Still results in significant
reduction of the modeling error of non-local vs. local refractivity operator.



Horizontal model resolution degraded to 300 km (internal resolution of RO method).
Results in about the same modeling errors for local and non-local refractivity operators.

For spherically-symmetric atmosphere local and non-local operators are equivalent.



Validation of the non-local linear phase observation operator
with WRF model and CHAMP RO data over continental U.S.

1) June 2003 (BAMEX)
1 occultation;
10 km WRF forecast (34 sigma levels);
40 km ETA analysis (26 pressure levels) interpolated on WRF grid.

2) March-April 2003 (significant convective weather activity)
11 occultations;
40 km ETA analysis interpolated on WRF grid.



CHAMP radio occultation over continental U.S., 18-Jun-2003, 20:36 UTC

12 UTC
10 km
WRF forecast

21 UTC
40 km
WRF/ETA
analysis

refractivity at 3.2 km height



CHAMP radio occultation over continental U.S., 18-Jun-2003, 20:36 UTC

WRF forecast WRF/ETA analysis 

local refractivity
phase along the occultation plane
phase across the occultation plane

Fractional error reduction is about the same for the forecast and the analysis.



March-April 2003, 11 CHAMP radio occultations over continental U.S.

refractivity phase penetration

mean error of an observable
RMS error of an observable
standard variance of an observable

Error reduction (S compared to N) in the troposphere:
~2 times (in fraction of the mean observable);
~1.5 times (in fraction of the variance of the observable).
Not important error reduction at tropopause (large horizontal scales, local N OK)



Conclusions

The non-local, linear, phase observation operator allows significant
reduction of the observation errors compared to local refractivity.

Discrete implementation is simpler than for the “non-local refractivity”.

Important: the same finite-difference approximation for observation S
and NWP model S (cancellation of discretization errors)

Important: the resolution of Abel-retrieved N consistent with NWP
model N (smoothing, “anti-aliasing filter”)  

Important: in the troposphere. Less important in the stratosphere.

Important: for high-resolution (<100km) models. Not important
for low-resolution (200-300km) models (local refractivity OK).


