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[1] Processing of radio occultation data requires filtering and quality control for the noise
reduction and sorting out corrupted data samples. We introduce a radio holographic
filtering algorithm based on the synthesis of canonical transform (CT2) and radio
holographic focused synthesized aperture (RHFSA) methods. The field in the CT2-
transformed space is divided by a reference signal to subtract the regular phase variation
and to compress the spectrum. Next, it is convolved with a Gaussian filter window and
multiplied by the reference signal to restore the phase variation. This algorithm is simple
to implement, and it is numerically efficient. Numerical simulation of processing radio
occultations with a realistic receiver noise indicates a good performance of the
method. We introduce a new technique of the error estimation of retrieved bending angle
profiles based on the width of the running spectra of the transformed wavefield multiplied
with the reference signal. We describe a quality control method for the discrimination
of corrupted samples in the L2 channel, which is most susceptible to signal tracking
errors. We apply the quality control and error estimation techniques for the processing
of data acquired by Challenging Minisatellite Payload (CHAMP) and perform a statistical
comparison of CHAMP data with the analyses of the German Weather Service
(DWD). The statistical analysis shows a good agreement between the CHAMP and DWD
error estimates and the observed CHAMP–DWD differences. This corroborates the
efficiency of the proposed quality control and error estimation techniques.
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1. Introduction

[2] Remote sensing of the Earth’s atmosphere by radio
occultations (RO) is a valuable source of information for
weather prediction and climate monitoring [Kursinski et al.,
2000; Hajj et al., 2002]. RO data contain information about
atmospheric refraction (caused by real refractivity) and
absorption (caused by imaginary refractivity). Refraction
and absorption derived from microwave observations may
allow the retrieval of humidity and temperature without
additional information [Kursinski et al., 2002; Facheris and
Cuccoli, 2003; Kirchengast and Høeg, 2004; Gorbunov and
Kirchengast, 2005a]. During the past 10 years a significant
effort was put into solving the problem of deriving refrac-
tion and absorption. Intensive investigations during 2001–
2004 resulted in the ultimate mathematical solution based
on Fourier integral operators (FIO): canonical transform
(CT) [Gorbunov, 2001, 2002a], full-spectrum inversion
(FSI) [Jensen et al., 2002, 2003], phase matching (PM)
[Jensen et al., 2004], and canonical transform of type 2

(CT2) [Gorbunov and Lauritsen, 2002, 2004b, 2004a]. The
FSI and CT2 methods are most effective numerically. Both
methods are implemented as a global FIO applied to the
complete record of RO data, the FIO being a composition of
a multiplication with a reference signal and a single global
Fourier transform. As shown by Pavelyev et al. [2004], this
reveals the relationship between the FIO-based methods, on
one side, and the radio holographic (radio optics) methods
of focused synthetic aperture (RHFSA) [Igarashi et al.,
2000; Gorbunov et al., 2000; Pavelyev et al., 2002].
[3] As any experimental data, RO measurements contain

noise. The most important noise sources can be classified as
follows: (1) instrumental noise, (2) ionospheric noise, and
(3) noise due to small-scale turbulence. Ionospheric noise is
the most significant error source for GPS occultations, while
small-scale turbulence is expected to be the most important
noise source for absorption retrieval from microwave occul-
tations [Gorbunov and Kirchengast, 2005a]. One of the
goals of this paper is the development of radio holographic
filtering technique.
[4] Noise filtering has been used in all the existing

algorithms for processing RO data, because the computation
of bending angles requires the numerical differentiation
of the phase retrieved from the experimental wavefield.
Numerical simulations of CT and FSI inversion of RO data
with additive white noise were performed by Gorbunov et
al. [2004].
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[5] The RHFSA method using spectral analysis in sliding
apertures can also be looked at as a filter applied to the
complex field. A modification of this method using the CT
analysis in sliding apertures (CTSS) was introduced by
Beyerle et al. [2004]. Both RHFSA and CTSS approaches
derive bending angles from the position of the maxima of
the amplitude of the field transformed in each sliding
aperture. Gorbunov [2002c] suggested combining the radio
holographic analysis with back propagation. Another
approach based on spectral weighting was introduced by
Sokolovskiy [2001].
[6] Lohmann et al. [2003] suggested the use of Win-

dowed FSI method (WFSI). Lohmann et al. [2006] refor-
mulated WFSI in the frequency (approximately impact
parameter) representation, similarly to Gorbunov and
Lauritsen [2004c]. This method approximately computes
each frequency component of the global Fourier transform by
evaluating the Fourier integral in sliding windows centered at
the stationary phase points for each frequency component.
While, when using FSI, the noise in each frequency compo-
nent originates from the complete time domain, in WFSI it
only comes from the sliding window, which reduces the
noise influence. The main drawback of this approach is its
numerical inefficiency: because phase lapse rate significantly
differs for different occultation fragments, the window width
should be chosen different for different frequency compo-
nents. Therefore WFSI filtering cannot be implemented as a
convolution with a fixed window function, which makes this
technique numerically inefficient.
[7] Gorbunov and Lauritsen [2004c] suggested a differ-

ent approach to the filtering of RO data, which allows for an
efficient numerical implementation. This approach employs
the radio holographic principle [Pavelyev et al., 2004],
which is combined with the CT method. By the FIO, the
wavefield is transformed into the impact parameter repre-
sentation and divided by the reference signal. This operation
removes the regular phase variation and compresses the
spectrum. The signal with the compressed spectrum is
convolved with a window function, and then it is multi-
plied by the reference signal to restore the original phase
variation.
[8] Here we introduce a method of the estimation of the

errors of the retrieved bending angles as a further develop-
ment of the approach used by Hocke et al. [1999]. Hocke et
al. [1999] estimated bending angle errors retrieved by the
RHFSA method as full width of half maxima of the running
spectra computed in the time domain. We use the radio
holographic analysis of the transformed wavefield in the
impact parameter domain, and estimate the bending angle
error as the width of the running spectra of the transformed
wavefield. Because in the impact parameter domain multi-
path is disentangled, this results in more accurate error
estimate.
[9] Processing experimental RO data acquired by Chal-

lenging Minisatellite Payload (CHAMP), Wickert et al.
[2001] poses an important problem of quality control
(QC) to remove or suppress data samples corrupted to
signal tracking errors. L2 channel is most susceptible to
this type of errors, which typically occur under multipath
condition. The development of QC procedure is the second
goal of the paper.

[10] We introduce a QC procedure based on the radio
holographic analysis of running spectra of the measured
L1 and L2 wavefields in the time domain. Using the
L2 spectral width and discrepancies between L1 and
L2 spectral maxima we form an empirical penalty function
discriminating corrupted data in the L2 channel.
[11] The estimation of observational errors and QC is

necessary to optimally use RO data in atmospheric data
assimilation. Data assimilation systems estimate the state of
the atmosphere as a weighted mean of the previous forecast
(which carries the information of observations earlier in
time) and the observations at the current time, taking into
account the errors of both the forecast and the observations.
In order to get an optimal analysis, it is important to
accurately estimate these error characteristics and to remove
outliers from the data. The data assimilation scheme we are
working on was discussed by Gorbunov and Kornblueh
[2003]. We use a three-dimensional (3-D) forward modeling
as the observational operator. The operator implements the
computation of bending angles for a given observation
geometry and 3-D atmospheric fields. Bending angles are
computed from the modeled Doppler frequency shifts in
exactly the same way as done in the processing of RO
measurements. This observational operator is a physical
model of RO observations with very few approximations.
Its errors are defined by the model representation errors
including the errors of the gridded atmospheric fields and
the limited resolution. Bending angle as extracted from RO
measurements is the observable. Therefore, for the standard
data assimilation scheme we need to specify errors of
observed and modeled bending angles. In this paper we
present a technique for the estimation of the errors of the
observed bending angles.
[12] Healy et al. [2005] demonstrated a positive forecast

impact from CHAMP occultations even using some a priori
fixed error estimates. For the optimal use of radio occulta-
tion data it is an advantage not to use static observational
error estimates but to derive them from the actual data,
because the accuracy of the retrieval strongly depends on
the actual ionospheric activity, turbulence in the lower
troposphere, and multipath conditions.
[13] The paper is organized as follows. In section 2 we

describe the radio holographic filtering algorithm. In
section 3 we discuss the error estimation. In section 4 we
describe the QC algorithm of processing CHAMP data. In
section 5 we present the numerical simulations of filtering
noisy RO data and give examples of processing experimen-
tal data from CHAMP. The retrieved bending angle profiles
and their errors are compared with corresponding profiles
from the nearest 3-hourly forecasts of German Weather
Service (Deutscher WetterDienst, DWD). Finally, we per-
form the statistical comparison of CHAMP bending angle
and temperature profiles and their estimated errors with the
respective profiles and error estimates of 3-hourly DWD
analyses. These so-called innovation statistics are a com-
mon tool for the assessment of the consistency of the data
and its information content for data assimilation purposes.

2. Radio Holographic Filtering

[14] Consider the wavefield u(t) = A(t) exp(ik�(t)) mea-
sured by LEO during a radio occultation experiment.
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Measurements for each moment of time t may contain
interfering wavefields from multiple interfering rays with
different impact parameters p and bending angles �. The
separation of multiple rays and correction for diffraction
effects due to big propagation distance from the planet limb
is performed by a FIO (of the 2nd type) transforming the
measured field into the representation of the impact param-
eter [Gorbunov and Lauritsen, 2002; Jensen et al., 2004;
Gorbunov and Lauritsen, 2004a, 2004b]:

F̂2u pð Þ ¼
ffiffiffiffiffiffiffiffi
�ik

2p

r Z
a2 p; tð Þ exp ikS2 p; tð Þð Þu tð Þ dt; ð1Þ

where a2(p, t) is the amplitude function and S2(p, t) is the
phase function. This operator separates the single ray with
the given impact parameter p. Given the expression for the
Doppler frequency h = _� as a function of the impact
parameter p, GPS and LEO satellite radii rG(t), rL(t), and the
satellite-to-satellite angle q(t):

h p; tð Þ � _qpþ _rL
rL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2L � p2

q
þ _rG
rG

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2G � p2

q
; ð2Þ

the phase function S2(p, t) equals �
R
h(p, t)dt [Jensen et al.,

2004; Gorbunov and Lauritsen, 2004a]. Gorbunov and
Lauritsen [2004a] derived the accurate expression for the
amplitude function a2(p, t) and constructed the approxima-
tion that generalizes the FSI method and reduces the FIO to
a composition of the multiplication with a reference signal
and a Fourier transform.
[15] Denote the field in the impact parameter representa-

tion F̂2u(p) � w(p) = A0(p) exp(ik�0(p)). Bending angle �(p)
is an algebraic function of d�0(p)/dp [Jensen et al., 2004;
Gorbunov and Lauritsen, 2004a]. Under the assumption of
spherical symmetry, amplitude A0(p) is proportional to the
integral absorption along the ray: A0(p) = A0

0 exp(�t(p)) =
A0

0 exp(�k
R
N00ds), where A0

0 is the normalizing constant, N00

is the imaginary refractivity, and t(p) is transmission. Real
and imaginary refractivity are derived from the bending and
transmission by Abel transform [Kursinski et al., 2002]. The
general expression for A0(p) and discussion of the absorp-
tion retrieval in presence of horizontal gradients by the
differential method are given by Gorbunov and Kirchengast
[2005a].
[16] The wavefield contains measurement noise. We apply

the corresponding FIO to the noisy field without any pre-
filtering, because it was shown by Gorbunov et al. [2004]
that CT/FSI techniques are robust with respect to noise.
Consider the model of the phase variation �0

m(p) obtained
by smoothing the phase�0(p) with a window of 0.25 km. The
corresponding reference signal equalswm(p) = exp (ik�

0
m(p)).

We define the radioholographic filter as follows:

w pð Þ ¼ wm pð Þ W pð Þ * w pð Þ
wm pð Þ

� �
: ð3Þ

Here W(p) is the window function, which in this work is
assumed to have the Gaussian form

W pð Þ ¼ 1ffiffiffiffiffiffi
2p

p
sp

exp � p2

2s2p

 !
; ð4Þ

and sp is the filter width. The convolution in equation (3)
allows a fast numerical implementation consisting of a fast
Fourier transform (FFT) Fp!x, multiplication with the
Fourier-transformed window function, and the inverse FFT
Fx!p
�1 :

w pð Þ ¼ wm pð ÞF�1
x!p Fp!x W½ �Fp!x

w

wm


 �
 �
: ð5Þ

3. Radio Holographic Error Estimation

[17] The error estimation of bending angles �(p) in the
lower troposphere is performed by the analysis of running
spectra of the transformed wavefield w(p). Radio holo-
graphic filtering is included into the data processing algo-
rithm as an option, which can be turned on or off by the
corresponding data processing script parameter. So the
below consideration can be applied both to the unfiltered
field w(p) and filtered field �w(p). The radio holographic
filtering is effective for eliminating additive uncorrelated
noise. The important errors source of CHAMP data in the
lower troposphere is signal tracking errors in multipath
areas, resulting in nonlinear signal distortions [Ao et al.,
2003; Beyerle et al., 2003]. The radio holographic error
estimation is aimed at accounting for the signal tracking
errors.
[18] We utilize the phase variation model �0

m(p) and
evaluate the running spectra:

w p; xð Þ ¼
ZpþDp

p�Dp

w p0ð Þ 1þ cos
p p0�pð Þ

Dp

h i
exp �ikxp0ð Þ

2 exp ik�0
m p0ð Þ

� � dp0; ð6Þ

where Dp = 1.0 km. The spectrum maximum is located on
the average near x = 0. The tropospheric error of bending
angle deT(p) is estimated as the spectral width:

deT pð Þ ¼

Z
w p; xð Þj j2x2dxZ
w p; xð Þj j2dx

0
BB@

1
CCA

1=2

: ð7Þ

4. Quality Control of CHAMP Data

[19] The filtering and error estimation techniques
described above are applied for the operational processing
of CHAMP data. However, these techniques need to be
complemented with a quality control (QC) procedure capa-
ble of dealing with signal tracking errors, which are a
significant problem in the lower troposphere [Gorbunov
and Kornblueh, 2003; Beyerle et al., 2004]. The aim of the
QC procedure is the removal of data samples corrupted due
to signal tracking errors.
[20] At the first step, we make a rough estimation of

bending angles in the geometric optical approximation
(without any FIO-based processing), using a strong smooth-
ing with a vertical scale of 2 km. The data where the
estimated bending angle exceeds 0.02 rad are rejected,
because the statistical analysis [Gorbunov and Kornblueh,
2003] indicates that such data are unusable.
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[21] At the second step, we perform the analysis of
running spectra v1,2(t, h) of L1 and L2 signals u1,2(t) =
A1,2(t) exp[ik1,2�1,2(t)]:

v1;2 t; hð Þ ¼
ZtþDt

t�Dt

u1;2 tð Þ 1þ cos
p t� tð Þ

Dt


 �
exp �ikhtð Þ

2 exp ik �m tð Þ � _�m tð Þt
� �� � dt; ð8Þ

where exp [ik�m(t)] is the reference signal, �m(t) in each
sliding aperture being a square polynomial obtained by
regression from �(t) [Gorbunov et al., 2000]. In each
sliding aperture we remove the constant frequency _�m(t) of
the reference signal in the aperture center t.
[22] For the discrimination of L2 data with big noise level

or lost signal tracking, we form the penalty function for L2
data describing the degradation of L2 data quality. For this
purpose we estimate the average impact parameter and its
spectral width:

�p1;2 tð Þ ¼
R
v1;2 t; hð Þ
�� ��2p t; hð Þ dhR

v1;2 t; hð Þ
�� ��2 dh ; ð9Þ

dp1;2 tð Þ ¼
R
v1;2 t; hð Þ
�� ��2 p t; hð Þ � �p1;2 tð Þ

� �2
dhR

v1;2 t; hð Þ
�� ��2 dh

 !1=2

; ð10Þ

where p(t, h) is the solution of equation (2) with respect to
impact parameter p. The empirical penalty function is
assumed to be equal to the following expression:

W tð Þ ¼ 1� exp � �p2 tð Þ � �p1 tð Þð Þ2þdp22 tð Þ
Dp2

" #
; ð11Þ

where Dp = 0.2 km. Increased spectral width dp2(t) and
increased discrepancy between L1 and L2 average impact
parameters �p2(t) � �p1(t) characterize the degradation of the
L2 data quality.
[23] From the running spectra we compute the smoothed

phase paths: ��1,2(t) =
R
�h(t)dt,where �h(t) is the location of

the maximum of the running spectrum at time t. The
smoothed ionospheric difference of the optical paths is
defined as D��(t) = ��2(t) � ��1(t) for the time interval where
W(t) < 0.7. In the troposphere, where L2 data quality is
typically very low, D��(t) is extrapolated. For this purpose
we evaluate the linear regression of D��(t) between the time
when the height of 30 km is reached and time when W(t)
reaches a value of 0.7. In the region where W(t) > 0.7 we
define D��(t) as the extrapolation of the linear regression.
[24] Denote Di the operation of taking finite differences

of a gridded function: DiF = F(ti+1) � F(ti). Corrected phase
path �2

cor(t) and amplitude A2
cor(t) for the L2 channel are

defined as a linear combination of L1 and L2 data with the
weight defined by the penalty function W(t):

Di�
cor
2 ¼ Di�2 1�W tið Þð Þ þ Di�1 þ DiD��ð ÞW tið Þ; ð12Þ

�cor
2 tið Þ ¼

Xi�1

j¼1

Dj�
cor
2 ; ð13Þ

Acor
2 tið Þ ¼ A1 tið Þ 1�W tið Þð Þ: ð14Þ

Note, CHAMP amplitude data for L2 channel, A2(t),
contain high level of the instrumental noise, which
makes them practically useless. So instead of original
A2(t) we substitute A1(t). The finite differences are
employed to get rid of arbitrary constants �1,2

0 in the
definitions of L1 and L2 optical paths. The penalty
function W(t) is used to suppress the amplitude of
corrupted L2 data to reduce their influence on the FIO-
based processing algorithm.
[25] By the CT2 method, we compute L1 and L2

bending angles �1,2(p) from wavefields u1(t) and u2
cor(t).

The geometric optical shadow border p1 is determined
from the maximum of the correlation of jF̂2u1(p)j with a
unit step function also referred to as q function. For L2
data the maximum of the correlation of jF̂2u2(p)j with a
q function, p2, defines the border below which L2 data
are unusable. Because of the definition of A2

cor(t), nor-
mally, p2 > p1, because corrupted L2 data are suppressed.
For impact parameter interval [p1, p2], L2 bending angles
�2(p) are defined as �1(p) + D�(p), where D�(p) is the
estimate of the ionospheric difference �1(p) � �2(p)
computed over the impact parameter interval [p2, p2 +
1 km]. The ionospheric correction and the estimate of the
residual ionospheric error d�I(p) of the neutral atmospheric
bending angle profile �(p) are described by Gorbunov
[2002d].
[26] The RMS bending angle error d�(p) is assumed to

equal d�I(p) + d�T(p), where d�T(p) is only estimated for ray
height p � rE < 10 km and it is neglected above 10 km.
d�T(p) is only computed from the L1 error, because L2 data
are suppressed by the penalty function in the areas where
their error exceeds the L1 error. Some residual ionospheric
correction error will arise due to L2 cutoff and the extrap-
olation of D��(t) below p2 (S. Sokolovskiy, private commu-
nication, 2005). The RMS error of the Abel retrieval of n(r)
is estimated as follows:

dn2 xð Þ
� �

¼ 1

p2

Z1Z
x

d� p0ð Þd� p00ð Þh idp0dp00ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p02 � x2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p002 � x2

p ; ð15Þ

where the bending angle covariance hd�(p0)d�(p00)i is
equal to d�2(p) for p0 = p00 = p, and elsewhere we
assume the triangle covariance with a characteristic
width of 1 km according to the estimations by Vorob’ev
and Kan [1999].
[27] Under assumption that the correlation radius of dn is

significantly smaller than the characteristic vertical scale of
the atmosphere (about 7.5 km), the temperature retrieval
error is approximately evaluated as follows:

sCHAMP � dT2
� �1=2¼ dn2

� �1=2 T

n� 1
: ð16Þ

5. Results

[28] Figure 1 presents a numerical simulation of filtering
noisy radio occultation data. We simulated an occultation at
10 GHz, using a simple spherically symmetrical refractivity
field, including real and imaginary refractivity, N(z) =
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