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ABSTRACT

Assimilation into numerical weather models of the refractivity, Abel-retrieved from radio occultations, as
the local refractivity at ray tangent point may result in large errors in the presence of strong horizontal
gradients (atmospheric fronts, strong convection). To reduce these errors, other authors suggested modeling
the Abel-retrieved refractivity as a nonlocal linear function of the 3D refractivity, which can be used as a
linear observation operator for assimiliation. The authors of this study introduce their approach for the
nonlocal linear observation operator, which consists of modeling the excess phase path, calculated along
certain trajectories below the top of an atmospheric model. In this study (not aimed at development of an
observation operator for any specific atmospheric model), both approaches are validated by assessing the
accuracy of both linearized observation operators by numerical simulations with the high-resolution
Weather Research and Forecasting (WRF) model and comparing them to the accuracy of interpretation of
the Abel-retrieved refractivity as local. Improvement of the accuracy of about an order of magnitude is
found with the nonlocal refractivity and further improvement is found with the excess phase path. The effect
of horizontal resolution of an atmospheric model on the accuracy of modeling local and nonlocal linear
observables is also investigated, and it is demonstrated that the nonlocal linear modeling of radio occulta-
tion observables is especially important for weather prediction models with sufficiently high horizontal
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resolution, grid size 100 km (mesoscale models).

1. Introduction

Radio occultation (RO) remote sensing of the atmo-
sphere includes transmission and reception of coherent
radio signals propagating through the atmosphere be-
tween satellites, such as the global positioning system
(GPS) and low earth-orbiting (LEO) satellites (Gur-
vich and Krasil’nikova 1987; Yunck et al. 1988, 2000;
Hardy et al. 1992; Melbourne et al. 1994; Hocke 1997;
Kursinski et al. 1997, 2000; Rocken et al. 1997; Steiner
et al. 1999; Feng and Herman 1999; Syndergaard 1999;
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Anthes et al. 2000; Wickert et al. 2001; Hajj et al. 2002).
Refraction of radio waves in the atmosphere affects the
phase and amplitude of radio signals. The acquired
complex RO signal, first, is used for reconstruction of
the bending angle of a ray as the function of impact
parameter, under the assumption of local spherical
symmetry of refractivity. Next, this function is inverted
into the refractivity as the function of radius (Abel in-
version). The refractivity is related to pressure, tem-
perature, and humidity (Thayer 1974), the common me-
teorological variables used in numerical weather pre-
diction (NWP) models. Reconstruction of these
variables from refractivity, for use in NWP models,
needs the use of ancillary data. Alternatively, the re-
fractivity or the bending angle profiles can be directly
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assimilated, as the observables, by NWP models (Eyre
1994; Zou et al. 1995, 1999, 2000; Kuo et al. 2000; Liu et
al. 2001; Poli et al. 2002; Liu and Zou 2003; Marquardt
et al. 2003; Gorbunov and Kornblueh 2003). Then these
profiles (vectors) must be supplied with the corre-
sponding observation operators (commonly called the
forward model), which provides mapping from the
model space to the observation space. The most com-
mon and simple approach is to assimilate the Abel-
retrieved (AR) refractivity as the local refractivity at
the estimated tangent point (TP) of a ray. This ap-
proach may work fairly well in the absence of strong
horizontal refractivity gradients. In the troposphere, es-
pecially in case of atmospheric fronts, hurricanes,
strong convection, etc., the horizontal gradients of re-
fractivity may introduce significant errors. The errors
due to horizontal gradients have been modeled by, for
example, Gurvich and Sokolovsky (1985), Sokolovsky
(1986), Gorbunov and Sokolovskiy (1993), Gorbunov
et al. (1996), Kursinski et al. (1997), Ahmad and Tyler
(1999), and recently by Syndergaard et al. (2003, 2005),
Poli and Joiner (2004), and Poli (2004). In most of the
studies, they use either analytical or global atmospheric
models. Kursinski et al. (1997) give an estimate of rms
refractivity error in the lower troposphere of about 1 N
unit. With a high-resolution model, such as the one
used in this study, these errors can be significantly
larger. To reduce these errors, the bending angle or the
AR refractivity must be modeled with account for the
horizontal gradients reproduced by NWP model fields.

Because of the dependence of ray trajectory on the
refractivity, the observed phase and the derived bend-
ing angle are nonlinear functions of the 3D refractivity
(the corresponding observation operators are nonlin-
ear). These functions can be linearized by fixing ray
trajectories (which then do not depend on the refrac-
tivity). However, the accuracy of the linearization (and
of the corresponding linear operator), in certain cases,
may be insufficient in the troposphere where deviation
of true ray trajectories from those used as the back-
ground for the linearization is significant. In those cases
accurate modeling of the RO observables from NWP
model fields may require iterations where the ray tra-
jectories are adjusted at each step. This approach, ap-
plied for modeling of the observation bending angle
profiles, is discussed by, for example, Eyre (1994), Zou
et al. (2000), Gorbunov and Kornblueh (2003), and Poli
and Joiner (2005).

Linearization of the forward modeling and inverting
RO observations in earth’s atmosphere was considered,
for example, by Gorbunov (1990) and later by Ahmad
(1998) and Ahmad and Tyler (1998). When modeling of
an RO observable includes forward and inverse mod-
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eling, and the same fixed model of ray trajectory is used
at both steps, this results in substantial cancellation (re-
duction) of the errors related to linearization. This ap-
proach, outlined by Ahmad (1998) and Ahmad and
Tyler (1998), was applied by Syndergaard et al. (2003)
for nonlocal linear modeling (“2D mapping”) of the
AR refractivity. In this approach, a fairly reasonable
accuracy can be achieved by use of a relatively simple
model of ray trajectories, for example, straight lines,
without the iterations. This allows development of a
relatively simple and computationally fast linear obser-
vation operator. An additional advantage of this ap-
proach, in the form applied by Syndergaard et al.
(2003), is that it allows modeling of the AR refractivity
below the top of an NWP model without the use of
ancillary information above the top (which is required
for modeling of the observation bending angles).

Recently, other studies related to development of
nonlocal linear observation operators have been com-
pleted. Syndergaard et al. (2005) present detailed de-
scription of the nonlocal refractivity observation opera-
tor (2D mapping) outlined in their earlier study (Syn-
dergaard et al. 2003) and generalize their approach by
introducing curvature of ray trajectories and consider-
ing mapping alternatively on geometric height levels or
on pressure levels. Poli (2004), in particular, considers a
linear observation operator for the bending angle by
integrating a vertical component of the refractivity gra-
dient along some precalculated ray trajectory. The op-
erators introduced in the referenced studies and in this
study are similar in the sense that they model RO ob-
servables by integrating 2D (3D) refractivity (or its gra-
dient) along some fixed trajectories that do not depend
on this refractivity, thus resulting in significant compu-
tational savings.

In this study we follow the approach outlined by Ah-
mad (1998) and Syndergaard et al. (2003) in the sense
that we linearize the forward model by fixing the ray
trajectory. But we modify the referenced approach by
introducing the excess phase path, integrated along a
certain model of ray trajectory below the top of an
NWP model, through the AR refractivity, as the new
observable instead of the AR refractivity. Linear mod-
eling of this new observable consists of integrating the
excess phase path along exactly the same ray trajectory
through the 3D refractivity represented by an NWP
model or analysis. Similarly to the nonlocal linear mod-
eling of the AR refractivity (see above), the errors re-
lated to linearization are canceled to a considerable
extent when using the excess phase path as the observ-
able. This is due to the use of the same fixed model of
ray trajectory for obtaining this observable from the 1D
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FiG. 9. (A panels) Two-dimensional model refractivity field (case Hurricane Isabel) smoothed hori-
zontally with different scales. Fractional modeling errors of (B panels) local and (C panels) nonlocal
refractivities for the different scales in the A panels.

Since generally the vertical resolution of RO is
higher than of most of those of the NWP models, it is
important to smooth and downsample the AR refrac-
tivity to make its vertical resolution and discretization
consistent with those of the NWP model. This will re-
duce the representativeness error associated with ver-
tical discretization of the NWP model.

Reduction of the observation errors, when modeling
the nonlocal observables instead of the local refractiv-
ity, increases with increasing horizontal resolution of an
NWP model. The use of the nonlocal linear observables

is most important for high-resolution weather models
(with the horizontal resolution 100 km) where it al-
lows us to effectively account for horizontal refractivity
gradients. In low-resolution models (with the horizon-
tal resolution of about 300 km or more) the horizontal
refractivity structures are averaged comparably or
stronger than they are convolved in RO observation.
For such models, the use of nonlocal observables does
not result in reduction of the observation errors, which
are dominated by model representativeness errors. For
high-resolution NWP models, significant reduction of
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the observation errors, when using the nonlocal observ-
ables instead of the local refractivity, does not mean
that those observables, by themselves, provide informa-
tion on small-scale horizontal structures of refractivity.
This information is contained in convolved form, that
is, in the form of a constraint that may aid a high-
resolution NWP model to resolve the small-scale struc-
tures.

Multipath propagation in the lower troposphere does
not impede the use of the AR refractivity for modeling
of nonlocal observables such as the phase. However, in
the case of the superrefraction, both the AR refractivity
and the modeled phase will be negatively biased below
the layer.

Simulations in this study were performed for vertical
occultation geometry. Nonlocal linear modeling of ob-
servables on the base of AR refractivity for occultations
with big horizontal smears of TP in the transverse di-
rection must be evaluated in an additional study.
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