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Overview

• Characteristics of GPS radio occultation observations

• Assimilation of GPS radio occultation data—which

data product?

• Brief description of different observation operators

• Relations between some of the operators

• Summary and prospects



Characteristics of GPS occultation data

• Limb sounding geometry complementary to

ground and space nadir viewing instruments

• High accuracy

• High vertical resolution

• Basically unaffected by aerosols, clouds and

precipitation

• Requires no first guess sounding

• No instrumental drift



Assimilating occultation data into NWP

Challenges and potential problems:

• GPS radio occultation data (phase, amplitude, bending angle, re-

fractivity) are non-traditional meteorological measurements (e.g.,

wind, temperature, moisture, pressure)

• The long ray-path limb sounding measurement characteristics are

very different from the traditional meteorological measurements

(e.g., radiosonde) or the nadir-viewing passive microwave/IR mea-

surements

• The GPS radio occultation measurements are subject to various

sources of errors (e.g., residual ionospheric effects, tracking errors,

super refraction, use of climatology at the upper boundary,. . . )



Assimilating occultation data into NWP

The purpose of data assimilation is to extract the maximum infor-

mation content of the data, and to use this information to improve

analysis of model state variables (u, v, T , q, p,. . . ).

Minimization of a cost function (objective function):

J(x) = (x−xb)
TB−1(x−xb)+(y −H(x))T(O + F)−1(y −H(x))

• Here we concentrate on the red part, in particular the observa-

tion operator H



GPS RO measurements & processing
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Choice of Assimilation Variable

Should consider the following factors:

• Use the raw form of the data to the extent possible (based on the

philosophy that the less processing the better; let your NWP model

provide the a priori that is needed via the observation operator)

• Ease to model the observables (and the adjoint)

• The need for auxiliary information (before the assimilation of the data)

• Ease to characterize observation (measurement) errors

• Ease to characterize observation operator (representativeness) errors

• Computational cost



Representativeness errors

Errors of representativeness arise from two sources (Schlatter 2000):

1. The limited resolution of the NWP model

2. The inability of the observation operator to derive a perfect

measurement from a perfect model state

• When I talk about representativeness errors, I (most often) mean the

latter (also referred to as forward modeling errors by some)

• Depending on the observation operator and the resolution of the NWP

model, (1) may be more important than (2), but if we have a high

enough model resolution (perhaps better than ∼100 km horizontally)

then (2) may be more important than (1)

• For less sophisticated data assimilation than 4DVar, there may also be

a temporal misrepresentation of the data which I will not address



Assimilation of phases and amplitudes

Pros

• (Al)most “raw” form of the data

• No assumptions are used

• Easy to characterize measurement

errors

Not practical

Cons

• Observation operator needs to be

able to model wave propagation

(diffraction and multipath) inside

weather models

• Require precise GPS and LEO

satellite orbit information

• Require ionospheric model to ac-

count for ionospheric delays (we

do not have very accurate iono-

spheric models)

• Computationally very expensive



Assimilation of L1 and L2 bending angles

Pros

• Second most “raw” form of the

data

• Does not require precise orbit in-

formation

• Relatively easy to characterize

measurement errors (may be chal-

lenging for lower troposphere)

Not practical

Cons

• Assumption of spherical symme-

try introduced in the processing

• Need to consider uncertainty in

the “independent” variable (im-

pact parameter) which is derived

from observations

• Require ionospheric model to ac-

count for ionospheric bending

• Computationally expensive



Assimilation of iono-free bending angles

Pros

• Still quite close to the “raw” form

of the data

• Does not require precise orbit in-

formation

• Does not require ionospheric

model, but still extrapolation

above the uppermost NWP level

• Reasonably easy to characterize

measurement errors (may be chal-

lenging for lower troposphere)

A possible choice

Cons

• Assumption of spherical symme-

try introduced in the processing

• Need to consider uncertainty in

the “independent” variable (im-

pact parameter) which is derived

from observations

• Residual ionospheric observation

error

• May be computationally expen-

sive (ray tracing)



Assimilation of atmospheric refractivity

Pros

• Simple observation operator (lo-

cal operator on model variables)

• Does not require precise orbit in-

formation

• Does not require extrapolation

above the uppermost NWP level

• Less sensitive to uncertainty in in-

dependent variable (height)

• Computationally inexpensive (op-

erationally feasible)

A possible choice

Cons

• Interpreting retrieved profile as

model local refractivity

• Residual ionospheric observation

error

• Requires initialization by climatol-

ogy for upper boundary

• Representativeness errors include

effects of horizontal refractivity

gradients

• Bias in lower troposphere due to

super refraction



Assimilation of retrieved T, q, and/or p

Pros

• Requires little or no work in the

development of observation oper-

ator (as T , q, and p are model

state variables)

• The retrieved data can be assimi-

lated by simple analysis or assim-

ilation methods (e.g., nudging)

• Computationally inexpensive

Not an optimal choice

Cons

• Far from the “raw” data

• Auxiliary information is needed for

retrieval (e.g., 1DVar), and addi-

tional errors are introduced

• Representativeness errors must in-

clude effects of horizontal refrac-

tivity gradients

• Errors in retrieved T , q, and p are

correlated

• Bias in lower troposphere due to

super refraction



Local refractivity observation operator

Observation operator based on the refractivity equation:

N ≈ 77.6
p

T
+ 3.73× 105 e

T 2

• Refractivity is obtained from model state variables interpolated to the
location of the retrieved profile

• May also include hydrostatic integration and conversion to geometrical
height levels

• The observation operator does not represent very well how the data
are collected and how they are processed using the spherical symmetry
assumption

• Errors of representativeness dominate below 25–30 km by not taking into
account the horizontal gradients

• Assimilation using CHAMP data show positive impact (Healy 2005)



Local bending angle observation operator

Assuming spherical symmetry:

α(a) = −2a

∫ ∞

r0

d ln n/dr√
n2r2 − a2

dr

• Operator consists of the same steps as included in a local refractivity
observation operator + the forward Abel transform

• One may have to extrapolate the NWP above it’s highest level

• The observation operator may become significantly non-linear in the
lower troposphere via the relation a = r0n(r0) (because the independent
variable a becomes a function of the model state)

• Errors of representativeness dominate below 25–30 km by not taking into
account the horizontal gradients (same problem as with local refractivity)

• Main advantage: avoids the introduction of climatology at high altitudes
in the retrieval



2D ray tracing bending angle operators

Observation operator based on ray tracing (e.g., Zou et al. 1999, Gorbunov
2003):

d~r

dτ
= ~n ,

d~n

dτ
= n∇n

• Calculation of the ray path through the atmosphere (a good represen-
tation of how the data are collected)

• Across-ray horizontal gradients are neglected

• Non-linear because the ray path depend on the model state

• Observation operator includes interpolation of the NWP model variables
into the 2D occultation plane

• Main advantage: takes into account most of the influence from horizon-
tal gradients (although limited by the horizontal resolution of the NWP
model)

• Main disadvantage: ray tracing is computationally expensive



Alternatives to ray tracing

Bending angle integration (2D operator):

dα = −1

n

(∂n

∂r

)
θ
rdθ +

1

n

(∂n

∂θ

)
r

dr

r

• Can be derived from the ray tracing equations

• Suggested by Eyre (1994)

• Second term is small and can be ignored (Healy 2001)

• Impact parameter and tangent point height related via a = r0n(r0)

• Observation operator still includes interpolation of the NWP model vari-
ables into the 2D occultation plane

• Main advantage: faster and simpler than ray tracing

• Main disadvantage: uncertainty in the estimated impact parameter



Error of bending angle integration operator

(Healy et al. 2003)

• Be aware: fractional errors in bending angle are significantly larger than
corresponding errors in refractivity (perhaps a factor of 5 or so near the
surface)

• Does not mean that assimilation of refractivity would be 5 times better



Alternatives to ray tracing

Fast Atmospheric Refractivity Gradient Operator (FARGO) (Poli 2005)

• FARGO-α: αFARGO = αlocal −∆αFARGO

– αlocal is the forward Abel transform of Nlocal

– ∆αFARGO is a small correction term:

∆αFARGO =

∫
path

cos θ
[dn

dr
(r, θ)− dn

dr
(r, θ = 0)

]
ds

– path is determined by spherically symmetrical ray tracing re-
stricted to ±600 km centered at the tangent point

• FARGO-α is quite similar to bending angle integration

• FARGO-N : NFARGO = Nlocal − Abelinverse(∆αFARGO)



Forward-inverse refractivity mapping

(Syndergaard et al. 2003, 2005)
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Mimicking the observations

and the Abel inversion using

finite straight lines

Somewhat similar to a 2D

weighting function (Ahmad

and Tyler 1998)

Basic requirement:

∫ L/2

−L/2

N(x, y)dx =

∫ L/2

−L/2

N̄(r)dx

• Discretized and solved for N̄(r) → N̄ = AVN

• N(x, y) evaluated at (pressure) levels of NWP model



Forward-inverse refractivity mapping
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• Because of the forward-inverse shortcut: near cancellation of other-

wise crude approximations (e.g., use of straight lines)

• Because of the forward-inverse shortcut: fast, but still quite accurate

• Useful for all kinds of occultation measurements (absorption too)



Example of observation operator

1. Horizontal interpolation (along pressure surfaces) of the temperature

and specific humidity to the points used in the mapping

2. Evaluation of the refractivity at these points

3. Mapping the refractivity into a profile at the tangent points using

the mapping operator

4. Integration of the hydrostatic equation to obtain a precise relation

between pressure and geometric height at grid points near the tan-

gent points

5. Horizontal interpolation of the geometric height to the tangent point

locations

6. Vertical interpolation of the mapped refractivity to the observation

points (observed tangent points)



Quasi-phase observation operator

Introduced by (Sokolovskiy et al. 2005)
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• Same advantages as refractivity mapping

• Simpler implementation of observation operator

• Extra step on the retrieval side

• Different representativeness and observation error covariances



Simulation of representativeness errors

(Sokolovskiy et al. 2005)



Mapping operator vs. phase operator

∇xJ = B−1(x− xb) + HT(O + F)−1(Hx− y)
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VTAT(O + F)−1(AVx− y) = VT(Õ + F̃)−1(Vx−A−1y)

(Õ + F̃)−1 = (A−1OA−T + A−1FA−T)−1 = AT(O + F)−1A

• If error covariances are consistent between the two operators, they

should lead to exactly the same assimilation result

• Question: which one of the two has the simplest (easy to describe)

representativeness error covariances?



Relations between observation operators
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Relations between observation operators
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Relations between observation operators
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Summary and prospects

• Lots of effort over the past 10 years have been made to develop obser-
vation operators taking into account horizontal gradients

• Recently a simple local refractivity operator has shown positive impact

• Ray tracing is potentially very accurate but also very time consuming

• Looking for trade-off between accuracy and speed has lead to alternatives

• Recently developed operators have small representativeness error and
reduce computational cost significantly

• How fast are these new operators actually? Extraction of 2D refractivity
field from the NWP model may be the limiting factor (certainly will be
for refractivity mapping)

• A better understanding/knowledge about the representativeness errors
is needed (including vertical error correlations)

• Have we found the optimum trade-off between accuracy and speed?
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