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[1] One of the fundamental difficulties that arise when using GPS Radio Occultation (RO)
data in exploiting the stratosphere is that the air becomes rarefied with increasing height and
accentuates the ionospheric effect and noise contained in the measurement. Customarily, the
conventional linear combination (CLC) is used to extract neutral atmospheric components
from dual-frequency (L1 and L2) RO data. The CLC combines and magnifies measurement
noises, and thus works well only for those measurements of low noise. Although the L1 data
are of considerably higher quality than the L2 data, the CLC does not take this into account
and treats both equally; this makes the CLC-produced data less attractive. The authors
propose a new approach, named Noise-Aware Combination (NAC), which is a generalized
combination that factors in the presence of measurement noise. In this NAC method, the L1
and L2 data are each regarded independently, with each contributing to the combination
according to its dynamically assessed accuracy. The performance of both the CLC and NAC
are tested with two sets of data: one of synthetic data and the other of real data. The tests
confirm that the NAC yields significant error reductions when compared to the CLC. While
the noise in the CLC-produced data stands out in high altitudes and compels the data to be
blended with the a priori, the NAC relies far less on this blending. The clear advantage of the
NAC over the CLC would greatly enhance the value of RO for climate research.
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1. Introduction

[2] During last few decades, increased attention has been
drawn to better understand the stratosphere by virtue of
improving stratospheric observations, emerging high-top
Numerical Weather Prediction (NWP) models, and advancing
data assimilation techniques. Comprehending the stratospheric
thermal structure is of paramount importance in regards to
detecting climate change, monitoring the ozone, understand-
ing the stratosphere-troposphere interaction, and so on. One
enduring challenge in this area is a lack of adequate observa-
tions. For instance, as Seidel et al. [2011] pointed out, both
radiosonde and satellite observations have their own limitations
for use in stratospheric altitudes. The Global Positioning
System (GPS) Radio Occultation (RO) technique is a promis-
ing, relatively new technique that can provide a wealth of
information about the stratosphere.
[3] This technique is based on the time-frequency contents

in the GPS signal recorded by a receiver onboard low-Earth
orbiting (LEO) satellites. When a GPS satellite sets or rises
behind the Earth’s atmospheric limb relative to a LEO
satellite, the atmospheric influence on the signal changes

drastically for a short period of time that is few minutes
for neutral atmospheric sensing. The observables (i.e., the
signal’s phase and amplitude) measured by accurate, custom-
ized GPS receivers on the LEO satellite during the period that
the limb-sounding geometry holds allow one to infer the atmo-
spheric structure. Commonly retrieved atmospheric para-
meters are soundings of the ray’s bending angle, refractive
index, temperature, pressure, and water vapor. In past decades,
a number of studies have demonstrated the unique strengths of
GPS RO, which include high accuracy, high vertical resolu-
tion, global data coverage, all weather capability, and freedom
from calibration [e.g., Kursinski et al., 1997; Hajj et al., 2002;
Wickert et al., 2004; Kuo et al., 2004]. The technique has
advanced to such a level that NWP centers worldwide recognize
GPS RO data as an operationally reliable source of informa-
tion that has a clearly positive impact on forecasting [e.g.,
Healy, 2008; Buontempo et al., 2008; Cucurull and Derber,
2008; Aparicio et al., 2009].
[4] The fundamental parameter that characterizes a medium

in regards to the propagation of an electromagnetic wave is the
refractive index, which is the ratio between the reduced prop-
agation speed in the medium and the speed in vacuum. The
refractivity N can be approximated as follows:

N ≡ 106 n� 1ð Þ ≈ k1 pT þ k2
pw
T2 � k3

ne
f 2

; (1)

where n is the refractive index, T the temperature in K, p the
(total) pressure in hPa, pw the water vapor pressure in hPa, ne the
number of electrons per cubic meter, and f is the GPS carrier
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frequency in Hertz. The coefficients are k1 = 77.6 hPaK�1,
k2 = 3.73× 10

5K2 hPa�1, and k3 = 4.03× 10
7m3s�2, respec-

tively. Here, the neutral atmospheric refractivity is given by
the Smith-Weintraub equation [Smith and Weintraub, 1953],
and the ionospheric effect is of the first-order expansion of the
Appleton-Hartree formula [Budden, 1985]. Like the refractiv-
ity, other GPS RO observables also contain both ionospheric
and neutral atmospheric components. Thus, one must eliminate
the ionospheric component from the measurements in order to
extract the neutral atmospheric information of interest.
[5] The Earth’s ionosphere is the part of the upper atmo-

sphere where free electrons exist in sufficient density to influ-
ence the propagation of electromagnetic radio frequency
waves [Hargreaves, 1992]. While the ionosphere is a disper-
sive medium that influences radio waves of various frequen-
cies differently, the relation of the ionospheric effect to
frequency is well known. As shown in (1), the first-order ion-
ospheric effect is proportional to the inverse square of the
frequency, and the remaining higher-order terms contribute
less than 0.1% [Seeber, 1993; Bassiri and Hajj, 1993;
Fritsche et al., 2005]. This allows one to eliminate most of
the ionospheric influences on the observables and to extract
the desired neutral atmospheric component by observing at
two different radio frequencies. As for GPS applications, this
is the logical basis of the well-known ionosphere-free (IF)
linear combination (LC):

ΦIF ¼ f 21Φ1 � f 22Φ2

f 21 � f 22
≈ 2:55Φ1 � 1:55Φ2 (2)

whereΦ1 andΦ2 are measurements made at two GPS L-band
frequencies ( f1 =1.57542GHz; f2=1.2276GHz); and ΦIF is
the resulting neutral atmospheric component. On the other
hand, the difference between Φ1 and Φ2, called the ionospheric
linear combination (ILC), approximates the ionospheric effect.
The conventional linear combinations (hereafter referred to as
CLC, meant to encompass IFLC and ILC) can be applied to
the phase paths [Spilker, 1980], the time derivatives of the phase
paths (also called Doppler) [Ladreiter and Kirchengast, 1996],
or the bending angles [Vorob’ev and Krasil’nikova, 1994].
[6] Meanwhile, GPS observables, like other measurements,

contain noise. Because the stratosphere is usually dry, the
neutral atmospheric refractivity there is largely proportional
to the air density, which can be shown by applying the ideal
gas law to (1). A difficulty arises at this juncture in which the
stratospheric air becomes more and more diluted as the height
increases, so that above a certain height the measurement noise
exceeds the amplitude of neutral atmospheric effect. This hap-
pens even when the magnitude of noise itself is small and does
not change with the height. A noisier measurement thus con-
stricts the vertical range within which the RO data remain use-
ful. Closely related to the issue, a major drawback of the CLC
is that it combines not only the signals but also the noises. As
a matter of fact, the noise is amplified in the LC, as can be
inferred from the coefficients in (2). In the presence of signifi-
cant measurement noises, the LC breaks down resulting in a
combination of noises rather than unearthing the signal. In fact,
the CLC-produced bending angle for instance is so noisy that
in high altitudes, even heavy low-pass filtering, to a degree that
a significant loss of information is unavoidable, cannot sup-
press the noise to a satisfactory level when compared to the
expected natural variability in the atmosphere.

[7] To circumvent the situation, a popular approach has
been to nudge the noisy measurements toward a climatology
[e.g., Sokolovskiy and Hunt, 1996] as follows:

Φc ¼ σ2bΦo þ σ2oΦb

σ2b þ σ2o
; (3)

where Φo is the IFLC of dual-frequency measurements and
Φb is climatic counter part of Φo; and σo and σb are their
assumed errors, respectively; and Φc is the blend of Φo and
Φb. Although climatologies are usually considered not to
contain any useful information in the NWP perspective, prac-
tical applications find the blending worthwhile. This suggests
that the CLC is unable to provide any useful information
above a certain height. Not containing any information about
the atmospheric state at the specific moment that the mea-
surement is made, furthermore, the climatology introduces
a substantial error to the data processing. Downward pro-
pagation of the error inevitably contaminates subsequent
retrievals at lower altitudes.
[8] Gorbunov [2002a] applied a matrix form of statistical

optimization, which is pioneering in that it estimates iono-
spheric and neutral atmospheric components concurrently
by combining L1 and L2 bending angles, and a climatology
all at once. The method adopted in the study is quite general
and is equivalent to the so-called maximum a posterior (MAP)
estimation [e.g., Tarantola, 1987]. However, noting that the
combination deals with vectors of size two and is thus
involved with 2 × 2 matrices at most, the matrix form would
not be the most insightful way to describe the approach and
the easiest way to use. Like other statistical estimations and
as Gorbunov [2002a] noted, the solution provided by the
method is sensitive to the assumed errors of the bending
angle and of the climatology. In the study, the L1 and L2
bending angles are assumed to possess the same quality.
The measurement error is then estimated from the difference
between the L1 and L2 bending angles, while accounting for
the ionospheric dispersion. As will be explained, however,
the L1 and L2 data differ in their accuracies. Also, signal
and noise variances, each estimated separately at an arbitrary
height range, are assumed stationary. In reality, the variances
could change significantly with the height.
[9] Modern data analysis methods make rigorous use of

uncertainties associated with measurements and a priori so
as to deduce the best possible estimate of a state of interest.
This in turn means that the solution of any statistical
approach is meaningful only if the error estimates used in
the method are adequate. Therefore, accurate error estimation
is as important as the analysis method itself. An important
issue in GPS RO in this regard is that the quality of the data
available on the two channels differs significantly. Without
knowledge of the military Y-code, the GPS receiver custom-
arily reconstructs the carrier phase on the L2 channel via a
codeless or a semicodeless mode [Hajj et al., 2002]. This
technique performs significantly worse than an ideal phase
lock loop [Ward, 1996], leading to a considerably lower volt-
age signal-to-noise ratio (SNRv; hereafter simply SNR) on
the L2 channel [Thomas, 1995]. The L2 carrier phase re-
constructed in this way is called L2P, and should be dis-
tinguished from a new civilian L2 signal (L2C) that has
recently started being transmitted by a few GPS satellites.
The L2C obviates the need for codeless or semicodeless
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processing, but is not considered in this study. Although
the method proposed in this study is also applicable to the
L2C, L2 refers only to the L2P in this study. The lower
SNR means that the L2 channel is subject to extra sources
of error. In fact, it is well known that the measured SNR
closely relates to the carrier phase error [Ward, 1996;
Hajj et al., 2002]. A popular expedient for the noisier L2
measurement is applying a heavier smoothing on the chan-
nel [e.g., Sokolovskiy et al., 2009; and references therein].
However, the following linear combination assigns an
equal weighting to L1 and L2 measurements. Once the L1
and L2 measurements differ significantly in their accu-
racies, treating them equally in the LC does not yield the
optimal outcome. In addition to the interchannel difference,
we also find that a time-frequency analysis of the mea-
surement provides a reliable dynamic estimate of the mea-
surement error, which includes the variation with time or
with height.
[10] The motive of this study is to develop a linear combi-

nation that can tackle the aforementioned shortcomings of
earlier approaches utilizing the dynamic error estimate. The
focus is on a heavier use of the L1 data while using the L2
data only to assist the separation between ionospheric and
neutral atmospheric contributions. A fundamental difficulty
in doing so is the fact that both L1 and L2 data contain iono-
spheric and neutral atmospheric components, and the iono-
spheric component is dependent on the carrier frequency.
Unless the two components are isolated, there is no way to
apply a differential weighting to the channels. In this study,
a model is employed to provide a provisional separation
between ionospheric and neutral atmospheric effects, and to
allow the differential weighting. For example, one obtains
two ionospheric residuals when the neutral atmospheric com-
ponent provided by a model is subtracted from L1 and L2
data. The ionospheric residuals can then be optimally com-
bined according to their error estimates. Provided the com-
bined ionospheric component is better than the individual
ionospheric residuals, it can be used to improve the neutral
atmospheric a priori. The corrected a priori is the desired
neutral atmospheric component obtained from optimally
combining the L1 and L2 data. Since the ionospheric resid-
uals contain a priori error as well as measurement error, the
extent of correction needed for the a priori must be deter-
mined by considering the uncertainty of the a priori, relative
to the measurement error.
[11] We propose a Noise-Aware Combination (NAC),

which is a generalized linear combination that factors in
the presence of measurement noise. The model-aided com-
bination permits a differential (interchannel and location-
dependent) weighting, which means that the sample that is
considered more accurate will contribute more to the combi-
nation. The NAC is formulated to achieve a minimum error
variance in the combined measurement. It will be shown that
the NAC not only yields a great attenuation of measurement
noises but also allows one to extract more observational
information from GPS RO data. The outline of the paper is
as follows: first, we explain the derivation of the NAC in
section 2; second, the data sources used in this study and a
few illustrative examples of occultation events are described
in section 3; results and key findings from our study are
presented in section 4; and last, both a summary and our
conclusions are given in section 5.

2. The Noise-Aware Combination

[12] A simplified GPS observation equation can be written
as follows [Leick, 1995; Hofmann-Wellenhof et al., 2001]:

L1 ¼ ρþ I

f 21
þ ε1 ; L2 ¼ ρþ I

f 22
þ ε2 (4)

where L1 and L2 are measurements from two GPS L-band
frequencies; ρ and I are neutral atmospheric and ionospheric
effects, respectively; and ε1 and ε2 are measurement errors on
the two frequencies. The measurement error consists of mea-
surement noise and all other residual terms. While rigorous
description on the mathematical model of GPS observables
is of interest, it is beyond the scope of this study. Instead,
the above simple model well fulfills the purpose of this
study. To obtain a more detailed description of the equation,
the reader is referred to the literature [e.g., Leick, 1995;
Teunissen and Kleusberg, 1998; Hofmann-Wellenhof et al.,
2001; Hajj et al., 2002]. From the same standpoint, we
assume the measurement error to be random Gaussian,
although there might exist processes that do not fall into this
category: e.g., horizontal inhomogeneity in the atmosphere,
uncorrected cycle slips in the measured phase, multipath,
localized ionospheric scintillation, higher-order ionospheric
effect, and so forth. The dispersive ionosphere leads L1 and
L2 signals to follow slightly different paths, which in turn
results in residual ionospheric error in the linearly combined
measurements. The error is not necessarily random and is
one of factors that limit the accuracy of the combination.
Although the error differs depending on the type of measure-
ment to be combined and the way that the effect is dealt with
[see Syndergaard, 2000; and references therein], traditional
one-dimensional framework might be insufficient to fully
address the issue [e.g., Wee et al., 2010]. Even if advanced
treatments of residual terms may further improve the linear
combination, these are neither peculiar to nor in favor of the
NAC in comparingwith the CLC.Amore accurate description
of error processes is desirable and will make the NAC more
effective. However, a less stringent error characterization does
not negatively affect the performance of the CLC and its com-
parison with the NAC.
[13] While the IFLC (equation (2)) approximates the neutral

atmospheric effect, the difference between L1 and L2 repre-
sents the ionospheric effect:

I

f 1 f 2
¼ f 1 f 2

f 22 � f 21
L1 � L2ð Þ: (5)

[14] When a realistic a priori for the neutral atmosphere
is available, it can also be used to estimate the ionospheric
effects in L1 and L2:

eL1 ¼ f 1
f 2

L1 � ρmð Þ ¼ I

f 1f 2
þ f 1
f 2

ε1 þ εmð Þ (6a)

and

eL2 ¼ f 2
f 1

L2 � ρmð Þ ¼ I

f 1 f 2
þ f 2
f 1

ε2 þ εmð Þ (6b)

where ρm and εm are the neutral atmospheric a priori and its
error, respectively.
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[15] One may find that the ionospheric effects, eL1 and eL2,
are redundant. Because they are independent of each other
with the exception of the a priori error, one might seek
a linear combination that is better than any of eL1 and eL2
as follows:

I�

f 1 f 2
¼ aeL1 þ 1� að ÞeL2 (7)

where a and 1� a are the combination coefficients, and I* is
the combined ionospheric effects.
[16] Note that the linear combination preserves the mathe-

matical expectation of the ionospheric effect:

E eL1� �
¼ E eL2� �

¼ E
I�

f 1 f 2

� �
¼ I

f 1 f 2
: (8)

[17] Amongst all possible cases, the optimal combination
nearest to the true ionospheric effect can be found by mini-
mizing the following cost function:

J ¼ 1

2

1

f 1 f 2

� �2

I� � Ið Þ2: (9)

[18] The gradient of the cost function with respect to a can
be written as:

∇aJ ¼ I� � I

f 1 f 2ð Þ2
∂I�

∂a
¼ a eL1 � eL2� �

þ eL2 � I

f 1f 2

� � eL1 � eL2� �
:

(10)

[19] For ensemble measurements at a single epoch, the
nontrivial solution of a for the minimum J, satisfying
∇aJ = 0, is found as:

a ¼
eL2 � eL1� � eL2 � I f 1 f 2ð Þ�1

n o
eL1 � eL2� �2 (11)

where the overbar represents the ensemble average. Using
(6), the numerator and denominator in (11) become:

eL2 � eL1� � eL2 � I f 1 f 2ð Þ�1
� �

¼ ε2 þ εmð Þ f 2 f �1
1 ε1 þ εmð Þ f 1 f �1

2 � ε2 þ εmð Þ f 2 f �1
1

� 	
(12a)

and

eL1 � eL2� �2
¼ ε1 þ εmð Þ f 1 f �1

2 � ε2 þ εmð Þ f 2 f �1
1

� 	2
: (12b)

[20] It might be reasonable to assume that the a priori
error is uncorrelated with measurement errors. If one
assumes the measurement errors to be random Gaussian

noises, all the errors are then uncorrelated with each other:
ε1ε2 ¼ ε1εm ¼ ε2εm ¼ 0 . Keeping only autocovariances in
(12), the combination coefficients in (7) are found to be:

a ¼
f 2
f 1

� �2
ε22 þ ε2m

 �� ε2m

f 1
f 2

� �2
ε21 þ ε2m

 �� 2ε2m þ f 2

f 1

� �2
ε22 þ ε2m

 � (13a)

and

1� a ¼
f 1
f 2

� �2
ε21 þ ε2m

 �� ε2m

f 1
f 2

� �2
ε21 þ ε2m

 �� 2ε2m þ f 2

f 1

� �2
ε22 þ ε2m

 � ; (13b)

where the overbar is omitted for the sake of simplicity.
[21] Introducing an apparent error variance of measure-

ment, which represents the contribution of measurement
uncertainty to the total variance of eL1 and eL2, as follows:
ξ1 ¼

f 1
f 2

� �2

ε21 þ ε2m

 �� ε2m ; ξ2 ¼

f 2
f 1

� �2

ε22 þ ε2m

 �� ε2m:

(14)

the optimal combination of eL1 and eL2 eventually can be
written as:

I�

f 1 f 2
¼ ξ2eL1 þ ξ1eL2

ξ1 þ ξ2
: (15)

[22] Although ξ1 and ξ2 are the variance differences used
for a differential weighting and are not required to be positive,
we choose the term, apparent error variance, to emphasize
their statistical meaning.
[23] Equation (15) is a generalization of (5) in the presence

of measurement errors, where eL1 and eL2 are weighted
according to their accuracies while the a priori error gauges
the goodness of the separation in (6). It is worth mentioning
that (15) resembles (3) in form. There are two special cases
that we find useful to understand for (15). First, if the neutral
atmospheric a priori is useless (i.e., εm→∞ and ε1 = ε2 = 0),
the NAC reduces to

I�

f 1 f 2
¼ f 1 f 2

f 22 � f 21
L1 � L2ð Þ; (16)

which is identical with (5), the CLC for the ionospheric
effect. On the contrary, if the a priori is highly accurate
(i.e., εm→ 0),eL1 andeL2 are purely ionospheric and completely
independent of each other. In this limit, the NAC ap-
proaches the classical weighted mean in which the
weighting corresponds to the reciprocal of error variances.
However, in practice, most cases fall in between the two ex-
tremes and thus all three elements, i.e., the two measure-
ments and the a priori, play their role in the combination.
Because ε1 is usually much smaller than ε2, the optimal neu-
tral atmospheric effect can be well approximated by
deducting the optimal ionospheric effect from L1. The ap-
pendix of this paper visualizes the response of NAC in the
error variance for the two limits of a priori error. It is also
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shown that the minimum error variance achieved by the
NAC is always no larger than that of the CLC.
[24] In the same manner, an ionospheric a priori also can be

used to obtain the optimal neutral atmospheric effect. With
an ionospheric a priori IM, the neutral atmospheric residuals
in the measurements can be written as:

L
⌣
1 ¼ L1 � IM

f 21
¼ ρþ ε1 þ εM

f 21
; L

⌣
2 ¼ L2 � IM

f 22
¼ ρþ ε2 þ εM

f 22
(17)

where εM is the a priori error associated with IM. We seek a
linear combination of L

⌣
1 and L

⌣
2, ρ

� ¼ aL
⌣
1 þ 1� að ÞL⌣2. The

required cost function will be:

J ¼ 1

2
ρ� � ρð Þ2 (18)

and the gradient of the cost function with respect to a is found
to be:

∇a J ¼ ρ� � ρð Þ ∂ρ
�

∂a
¼ a L

⌣
1 � L

⌣
2


 �þ L
⌣
2 � ρ

� 	
L
⌣
1 � L

⌣
2


 �
: (19)

[25] After following steps similar to (11) and (12), the
apparent error variances for this case are found to be:

ζ 1 ¼ ε21 þ
εM
f 21

 !2

� ε2M
f 21 f

2
2

; ζ 2 ¼ ε22 þ
εM
f 22

 !2

� ε2M
f 21 f

2
2

; (20)

and the combination coefficients relate to the apparent error
variances as follows:

a ¼ ζ 2
ζ 1 þ ζ 2

; 1� a ¼ ζ 1
ζ 1 þ ζ 2

: (21)

[26] Eventually, the NAC for the optimal neutral atmo-
spheric effect is found to be:

ρ� ¼ ζ 2L
⌣
1 þ ζ 1L

⌣
2

ζ 1 þ ζ 2
; (22)

which well matches with (15) in semblance. In the case that
the ionospheric a priori is useless (i.e., εM→∞), the NAC
is identical with (2), the ionosphere-free CLC. If the iono-
spheric a priori is perfect (i.e., εM→ 0),L

⌣
1 andL

⌣
2 are indepen-

dent of each other and thus they are weighted according to
their assumed accuracy.

3. Data and Illustrative Example of Occultation
Events

3.1. Data

[27] The GPS RO data used in this study are obtained from
the Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) mission [Rocken et al.,
1997], and are processed by the COSMIC Data Analysis and
Archive Center (CDAAC) at the University Corporation for
Atmospheric Research (UCAR). The constellation, which
consists of six LEO satellites, has been producing 1000–
2500 globally distributed soundings each day since its launch

in April 2006 [Anthes et al., 2008]. The data processing algo-
rithm is described by Kuo et al. [2004] (the data as well as
additional information on the processing are available online
at http://www.cosmic.ucar.edu). It is challenging to gauge
the performance of a newly developed algorithm against the
preexisting standard method using actual data. This is unques-
tionably true in the stratosphere where obtaining independent
data of good quality and of a sufficient amount for verification
is unfeasible. In many radiosonde systems, for instance, pres-
sure and temperature errors increase rapidly at low pressures.
This results in some of the available radiosonde data being
unsuitable for use in high altitudes [WMO, 2012], not to men-
tion that the data coverage is limited to the lower stratosphere.
The distance in time and space between paired observations
(i.e., GPS RO and radiosonde) is also harsh on the comparison.
Presently, NWP centers worldwide provide realistic atmo-
spheric analyses by means of state-of-the-art data assimila-
tion techniques. GPS RO data are being favorably
assimilated into these NWP models because the data are
recognized as important sources of information. This makes
the NWP analyses closely related to the specific GPS RO
data that are produced by the preexisting algorithm.
Therefore, when used as verification, the NWP analyses
are in favor of the standard method (i.e., the CLC) while
penalizing the competing new algorithm (i.e., the NAC).
Presented with all of these difficulties, it is necessary to
design the verification method carefully.
[28] We select the COSMIC soundings spatiotemporally

adjacent to radiosonde data while taking comparable number
of samples from each of the three latitude bins: the polars,
the midlatitudes, and the tropics. Here, the midlatitudes are
defined as being 30–60 degrees. Because this study is focused
on the stratosphere, we further assort the radiosonde data, lim-
iting the study to only those data that have a top level higher
than 10 hPa and possess at least 5 data levels above 100 hPa.
In the midlatitudes, where a relatively large number of col-
located soundings can be found, COSMIC and radiosonde
soundings must be closely neighbored: within 100 km in
radius and 90min in time. On the other hand, the criteria are
relaxed to 150 km and 2.5 h over the tropics, where the least
number of matches are found. With these constraints, about
6800 matches are found in total. The radiosonde data used in
this study are the global six hourly upper air reports operation-
ally collected by the National Centers for Environmental
Prediction (NCEP) through the Global Telecommunications
System (GTS), known as the Automatic Data Processing
(ADP) upper air observation. The data are provided by the
Data Support Section (DSS) of UCAR (available online at
http://rda.ucar.edu/datasets/ds337.0). Using the only GPS
RO data located close to the radiosonde soundings, we intend
to have the collocated NWP model profiles constrained by at
least another reliable type of observation (i.e., radiosonde)
besides the GPSRO data processed by the CLC.We anticipate
the data assimilation to improve upper level structures, through
vertical spread of observational information, beyond the cov-
erage of radiosonde data. The use of radiosonde data may also
help the data assimilation system to better utilize other data
sources as well (for instance, satellite radiances). While the
use of NWP data for verification is unavoidable, we intend
to utilize a subset of the data, which is less dependent on the
CLC that is used to produce the specific GPS RO data assim-
ilated into the analysis system.
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[29] The NWP data used in this study are the six hourly
operational analyses and forecasts from the European Center
for Medium-range Weather Forecasts (ECMWF). Prior to
2010, the ECMWF data have a horizontal resolution of spec-
tral TL799 (triangular truncation, 799 waves around a great
circle on the globe which corresponds to about 25 km in grid
spacing) and 91 vertical levels between the Earth’s surface
and 80 km. In January 2010, the horizontal resolution was
increased to T1279 (approximately 16 km). In this study,
the ECMWF data are interpolated to a regular 0.5°× 0.5°
(latitude and longitude) grid for the sake of convenience.
Meanwhile, the Abel transform, which converts a refractivity
profile into a bending angle profile (and vice versa),
requires data up to 120 km in order to prevent systematic
errors in the converted quantity. To complement the
ECMWF data above the model’s top, we use the empirical
model of the US Naval Research Laboratory (NRL), MSIS
[Hedin, 1991]. The MSIS stands for Mass Spectrometer
and Incoherent Scatter Radar, the two primary data sources
for development of earlier versions of the model. We also
derive a climatology compositing the ECMWF analyses over
a three-year period, from June 2007 to May 2010. In deriving
the monthly mean climate, all grid points inside of each
10°×10° latitude-longitude box and all days in each month
are weighted equally. In order to take atmospheric tides into
account, the climatology is defined at every six hours: 00,
06, 12, and 18 UT.
[30] As explained earlier, realistic error estimates are

required for the NAC towork effectively. There is no exception
for the error of a priori. Customarily climatologies serve as a
priori [e.g., Sokolovskiy and Hunt, 1996; Gorbunov, 2002a;
Kuo et al., 2004] and a fixed fraction of total bending angle
(usually 10–20%) is assumed as the error since it is difficult,
if not impossible, to accurately estimate the climatology error.
During last few decades, studies on data assimilation have
made significant progress on the error estimation of a priori.
One of popular methods is the so-called NMC (National
Meteorological Center) method [Parrish and Derber, 1992],
where a priori error is deduced from a collection of paired
short- and long-term forecasts. The basic idea of the method
is that the difference between the two forecasts, different in
the lead time but valid at the same time, relates to the predic-
tion error during the time lag. One of the reasons that we used
NWP data as a priori for actual COMSIC data is the reliability
of the error estimate provided by the NMC-method. In this
study, we applied the NMC-method to the RO data modeled
with 12 and 24 h ECMWF forecasts. The modeled obser-
vations (refractivity, bending angle, and Doppler shift, in the
order listed) are obtained through a series of mathematical
operators, which are specifically the inverse of the operators
used for standard GPS RO processing. The parameters taken
from the ECMWF data are the temperature, specific humidity,
and pressure. In this study, the simulation is based on geo-
metrical optics [Kursinski et al., 1997]. Other methods such
as back propagation [Gorbunov et al., 2000], sliding spectral
[Sokolovskiy, 2001], canonical transform [Gorbunov, 2002b],
full spectrum inversion [Jensen et al., 2003], and ray tracing
[Wee et al., 2010] could also be used as needed. As the focus
of this study is on linear combination, a detailed description on
the RO processing would be distracting. For more informa-
tion, readers are referred to a forward modeling study as given
byWee et al. [2010]. In this study, the a priori error is estimated

from the simulated observations for the entire COSMIC data
available during the aforesaid three-year period. The assessed
error is made available monthly on a 30°×30° latitude-longitude
grid and on an equal distance grid of impact parameter, 50m
in the vertical spacing. Since a 12 h time lag has been used
in the procedure, the assessed error is doubled in order to act
for the 24 h prediction, the a priori used in this study, under
the assumption of linear error growth. Similarly, a climate
error is also deduced but based instead on ECMWF analysis.
Specifically, it represents the aggregated deviation of ECMWF
analysis (precisely, the observation modeled with) from its
own climate, or vice versa. The climate error may also be
interpreted as the variability in the ECMWF analysis in the
observation space (i.e., bending angle and Doppler shift).

3.2. Demonstrative Events

[31] In order to get readers acquainted with the topics that
will be addressed in this study, a few illustrative occultation
events are presented here prior to proceeding to the main
results. Figure 1 compares the Doppler measured during
an event of COSMIC occultation at 37.0°N and 35.8°E at
10:59 UT on 7 July 2008. The comparison clearly shows
the difference between the L1 and L2 Doppler (Figure 1a).
The L1 (Doppler) is relatively smooth and continuous, while
the L2 (Doppler) has evident spikes around 30 km and 50 km.
Not appearing in the L1, the spikes in the L2 cannot be attrib-
uted to ionospheric effects. Instead, those are likely tracking
errors due to the weak and encrypted L2 signal. The CLC-
produced ionosphere-free Doppler (Figure 1b) also clearly
shows the spikes when compared against the neutral atmo-
spheric Doppler modeled with the ECMWF analysis. Unless
mitigated, the spikes remain in the data stream causing signif-
icant errors in subsequent data products. As demonstrated in
this example, once the L1 and L2 are combined, it is impossi-
ble to track down the source of the spikes in the combined
Doppler. Furthermore, the CLC-amplified noise (Figure 1b)
makes it even more difficult to discern the spikes from other
types of noises. When looking into each individual channel,
however, it is easy to recognize the L2 as the cause and to pin-
point the location of the spikes. This implies that the dissimilar
traits of the L1 and L2 can provide the NAC with additional
information that is not available to the CLC, in which the
two measurements are treated equally.
[32] Figure 2 shows another occultation event that occurred

at 10:51 UT on 11 August 2008. In this case, the L2 is noisier
than the L1 throughout the entire altitude. It also shows clear
ionospheric effects above 35 km, noticeable by the systematic
difference between the L1 and L2 (Figure 2a). The ionospheric
effect makes it hard to compare the L1 and L2 directly. In
order to ease the comparison, the L2 is modeled with the
L1 and the ECMWF analysis: L2m ¼ Lm þ f �2

2 f 21 L1 � Lmð Þ,
where Lm is the neutral atmospheric Doppler modeled with
the ECMWF analysis and L2m is the modeled L2. The L2m rep-
resents the hypothetical L2 that could have been observed if it
had the same quality of L1. Figure 2b shows that L2 is noisier
than L2m and makes it apparent that the L2 channel is subject
to extra sources of noise. Nonetheless, L2 and L2m agree very
well in large-scale features. This suggests that a realistic a
priori can well intervene between the L1 and L2 to determine
their relative trustworthiness.
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[33] The magnitude of measurement noise is highly vari-
able. It changes from one occultation to another, varies with
time (or height) in each occultation, and differs from one
frequency to another. The SNR is a good quality indicator
as shown in Figure 3, which depicts a COSMIC occultation
that occurred at 22:53 UT on 12 April 2008. Above 30 km
where the values of the SNR are nearly constant, the L1
SNR (~450V/V) is larger than the L2 SNR (~100V/V).
Accordingly, the L2 is noisier than the L1 in Doppler. Also,
the L2 becomes noisier below 30 km as the SNR decreases
gradually. This exhibits well the relationship between the
SNR and noise amplitude. While the noise is considered to
be locally random, it would be useful to examine its temporal
evolution in the amplitude in order to relate the noise to the
SNR, which varies rather slowly. To do so, a high-pass filter,
the fourth-order Butterworth filter [Butterworth, 1930], is
applied to each of the Dopplers. The cutoff period used for
the filter, a half second, is the typical noise floor in Doppler

power spectra. Therefore, the high-frequency passband contains
most of the noise power. The filtered Doppler is then subject to
a moving average process, with a window of one second. The
instantaneous standard deviation within the sliding window is
considered to be the uncertainty of the Doppler at the center of
the window and assigned there. The uncertainty assessed in
this way represents well the time-dependent or height-varying
noise amplitude. As it is unlikely that the Doppler possesses
large-scale or low-frequency errors, the assessed uncertainty
will comprise the bulk of the measurement error. In this study,
the uncertainty is thus considered an estimate of measurement
error. We do not claim that high-frequency components
should always be a part of the measurement error; instead,
we intend to emphasize the probabilistic nature of the mea-
surement error. In this sense, measurement noise is viewed
as an instant realization of the measurement error. Earlier
dynamic estimations [Gorbunov, 2002a; Lohmann, 2007]
focused on occultation-dependent variation of measurement
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error, where the error in the bending angle is thus assumed to
be vertically constant for a given event of occultation.
Although the assumption is fairly good, momentary occur-
rences of tracking error could cause vertical variation as well.
We find the method proposed in this study, based on short-
term spectral analysis, extends earlier dynamic error estima-
tions, providing interfrequency and vertical variations. This
method also resembles the way that the reported SNR is com-
puted in the tracking loop, the so-called prompt accumulation.
The estimated measurement error shows a close relation with
the SNR (Figure 3c). It must be mentioned that the L2 SNR
is available only at every second, while the L1 SNR is avail-
able in 50Hz. Therefore, this method provides a consistent
measure of uncertainty between the two channels even if they
differ in the data rate and it also fills the data gaps in the L2
SNR. The SNR differs a great deal between the two channels,
as does the estimated Doppler error.
[34] In some cases, the L2 SNR is not so low that the L2

is comparable with the L1 in the Doppler error. Figure 4

shows an occultation event that occurred at 13:33 UT on 22
February 2008. In this event, the values of the SNR are al-
most constant above 30 km, which are about 800V/V and
500V/V for the L1 and L2, respectively. In this height range,
the L2 is no larger than the L1 by a factor of two in the error.
However, between 15 and 20 km, the L2 error suddenly soars
and differs significantly from that of the L1. Summarizing the
findings from the few examples shown thus far, the L2 is con-
siderably noisier than the L1, but again the relative noisiness
varies from one occultation to another (Figures 3 and 4). We
also find that the Doppler error changes significantly with
height, even within a single occultation, which is more nota-
ble in the L2.
[35] In order to examine the relation between the SNR and

Doppler error more closely, a statistical comparison is made.
Figure 5 shows scatterplots in which each dot, representing
individual occultations, is positioned according to the SNR
and Doppler error averaged over the height range of 30–
40 km. Where the L1 SNR is lower than 700V/V, the L2
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SNR is weak in proportion to the L1 SNR (Figure 5a). In this
range of the SNR, both the L1 and L2 channels are subject to
the common sources of the signal degradation (e.g., strength
of transmitted signal, gain of transmission and receiver
antennas, local multipath, thermal noise, the signal tracking
technique, and so on). On the other hand, at the high end of
the L1 SNR (> 700V/V), the L2 SNR has a wide range of
variation. This suggests that there are many cases in which
the L2 phase tracking suffers, though the L1 signal remains
clean. Namely, there might be a threshold above which the
performance of the phase tracking becomes detrimental for
the noise entering the tracking loop. A similar relation can
be seen when comparing Doppler errors (Figure 5b). In
the scatterplot of the Doppler error, the cluster centered at
3.75 cm s�1 for the L1 and 15 cm s�1 for the L2 shows that
the L2 Doppler is 3–5 times noisier than the L1 Doppler.
Figure 6 shows the Doppler error as a function of the SNR.
For the L2, there is a clear linear relation that the estimated
error is reciprocally proportional to the SNR with a correla-
tion coefficient of 0.963. Therefore, the L2 SNR itself is a
good indicator of the Doppler error if it were available at a
50Hz sampling rate. This also suggests that the Doppler error

estimated in this study well reflects the signal degradation
due to the decreasing SNR. This relation is rather weak in
the L1 Doppler for which the SNR is high enough not to
cause notable tracking errors.

4. Results

4.1. Test With Synthetic Data

[36] Hampered by a variety of uncertainties, the testing of a
new algorithm against preexisting methods is, as always, chal-
lenging, especially with real data. The comparison of the NAC
with the CLC falls in the same situation, lacking an indepen-
dent and accurate data set that can accentuate the differences
between the two combinations. The stochastic models that
describe errors of both measurement and a priori also play a
fundamental role in the NAC. Therefore, poorly understood
error processes and inaccurate representation for them could
reduce the effectiveness of the NAC. Being an enduring prob-
lem in practice, the error characterization can be considered a
separate issue to some extent. In the meantime, simulations
can provide a controlled environment in which the comparison
is made with reduced intricacy. For example, there exists the
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known true atmosphere against which the competing algorithms
can be intercompared. Also, measurement and a priori errors
can be prescribed to the way they are best understood. Thus,
oftentimes a well-designed simulation is very insightful and
is able to provide clear-cut conclusions to the extent that the
assumptions made in the comparison are valid. In this study,
the simulation is designed as follows: we first define the true
atmospheric states for the neutral atmosphere and ionosphere;
we then add measurement and a priori errors to the true states
so as to generate synthetic observations and an a priori state;
and last, after applying the CLC and NAC to the simulated
data set, we verify the result against the known true state.
[37] In an effort to make the simulation more realistic, the

true states are generated based on the information available
from an actual occultation event that occurred at 12:35 UT
on 20 June 2008. The true ionospheric state is prepared by
applying a heavy low-pass filtering of a 5 s cutoff period to
the observed ionospheric Doppler, the difference between
the L1 and L2 Dopplers. The true neutral atmospheric Doppler
is the one modeled with the ECMWF analysis. The perfect
(error-free) L1 and L2 Dopplers are then generated from the

two true states, according to the mathematical model described
in section 2. To generate synthetic measurements, zero-mean
white Gaussian noises are added to the perfect measurements.
The noise amplitudes are 3.75 cm s�1 and 15 cm s�1 for the L1
and L2, respectively (see Figure 5b). Unlike the measurement
noise, the a priori error is most often temporally correlated.
In order to simulate the error correlation, the a priori error
(described in section 3.1) is downsampled to a degree compa-
rable with the resolution of the ECMWF analysis, and is then
multiplied with a zero-mean white Gaussian noise of unitary
amplitude. In the following, an autoregressive process of the
second order is applied to make the a priori error serially cor-
related. It is then interpolated to the location of each sample of
measurement. Since the autoregressive process reduces vari-
ance, the error is inflated to restore its intended amplitude.
Adding the correlated error to the true neutral atmospheric
Doppler, the model Doppler (i.e., the a priori) is finally
acquired. The three prepared input data are then provided to
form the combinations, the CLC and the NAC.
[38] Figure 7f compares the error of ionosphere-corrected

combinations with respect to the true neutral atmosphere.
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The CLC produces a very noisy result, where the error
exceeds the magnitude of true neutral atmospheric Doppler
starting from 32 km, and by more than 2 orders above
65 km. On the contrary, the error of the NAC remains small
throughout the entire height range. A low-pass filtering of a
2 s cutoff period considerably reduces the noise variance in
the CLC (Figure 7g). However, noises with exceptionally
large amplitudes, which are expected to occur in the Gaussian
noise process, are not completely filtered out, leading to low-
frequency oscillations. Without additional moderation, the
artifacts will be carried forward into the subsequent data stream.
Traditionally, the combined measurement is blended with
a climatology to ease the situation. In contrast, the low-pass
filtering suffices for the NAC to yield an error small enough
not to incur any extra mitigation. The simulation thus proves
that the NAC leads to a superior result as long as the errors
of both measurement and a priori can be well characterized.

4.2. Test With Real Data

[39] The NAC is formulated with the premise that the sto-
chastic processes governing the errors of both measurement
and a priori are well understood and accurately represented.
Figure 8 compares the errors of COSMIC Doppler with two
modeled Dopplers, one with the climatology and the other
with a 24 h ECMWF forecast, for the 6800 collocated sound-
ings. Here, the error is defined as the root-mean-square (RMS)
deviation from the Doppler modeled with the ECMWF analy-
sis. Note that this is the perceived error against the verifying
reference and it differs from the measurement error described
in section 3.2, which is derived from the measurement itself.
Henceforth, the model Dopplers are referred to as climate,
forecast, and analysis, respectively. The COSMIC Doppler is
ionosphere corrected using the CLC and then low-pass filtered
with a 2 s cutoff period. While a priori errors generally
decrease with height in magnitude, COSMIC Doppler shows
an error almost constant above 30 km where the SNR is
largely unvarying (see Figures 3b and 4b). This makes the
percentage error of the COSMIC Doppler increase steadily
with height, because the neutral atmospheric Doppler itself
decreases with height in the magnitude (Figure 8b). On the

contrary, the percentage error of the a priori changes little with
height. The a priori errors are quite small; even the globally
averaged natural variability (i.e., error of the climate) is less
than 5%. A comparison below 30km shows that COSMIC
Doppler is comparable with the forecast in the error and thus
fails to demonstrate a marked superiority to the forecast. The
comparison is somewhat favorable to the forecast, whose out-
set is the ECMWF analysis that is in turn used as the verifying
reference. Also, the systematic error common to both the anal-
ysis and forecast is not accounted for. More importantly, the
main reason that the COSMIC Doppler fails to show a smaller
error is the noise amplification involved in the CLC. In GPS
RO processing, the combined Doppler has to be converted
into a bending angle to yield other higher-level data products.
While the conversion is possible, it needs a few housekeeping
processes to ensure the quality of the resulting bending angle.
This sometimes complicates the error propagation from the
Doppler to the bending angle. It is therefore convenient to start
off the comparison of the CLC and NAC by combining the
bending angles and bypassing the Doppler combination. In
addition, one may reason that the forecast is handicapped by
comparing in Doppler since the transform of the bending angle
into the Doppler imposes additional modeling error on the
model side. For these reasons, we use the bending angle for
the combinations from here on.
[40] Figure 9 shows the error estimate of the bending

angles, one as observed and the other modeled with a 24 h fore-
cast. The observation is derived from using the Full Spectrum
Inversion (FSI) [Jensen et al., 2003], applied separately to the
L1 and L2 measurements of amplitude and phase. The main
reason for using the FSI in this study is that the method can
provide unfiltered bending angles. On the contrary, Dopplers
have to be low-pass filtered in advance to a certain degree to
be used for geometrical optics. Otherwise, the measurement
noise and multipath effect make it difficult for the method to
produce a reliable result. The noise level of the resulting bend-
ing angle depends on the property of the filter applied, which
impedes the error estimation for the bending angle. However,
if provided the raw bending angles, it is rather straightforward
to estimate the uncertainty in the FSI-produced bending
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angles. The uncertainty in the L1 and L2 bending angles, i.e.,
the observation error, shown in Figure 9 is estimated in the
same way as done for Doppler, but in the domain of impact
parameter, with a high-pass filtering of 1 km cutoff length
and a moving window of 2 kmwidth. An extra step is required
though since the RO signals are 10–20 times oversampled in
the time domain, prior to the FSI, in order to ease the phase
unwrapping in the Fourier-transformed frequency domain.
The change in the sampling rate inevitably alters the vari-
ance spectrum. Therefore, the noise variance assessed in the
impact parameter space is adjusted to relate with the noise
variance of the original sampling rate. On the other hand, a
priori error is estimated via the NMC method as described
earlier in section 3. The estimated error of the observed bend-
ing angle is considerably smaller than the forecast error be-
low approximately 32 km for the L1 and 21 km for the L2,
respectively. This is in contrast with the CLC-produced

Doppler, whose error is not quite distinguishable from the
forecast error below 30 km (Figure 8). Also, the L1 is consid-
erably smaller than the L2 in the estimated error. This again
confirms their difference in quality.
[41] Figure 10 shows the RMS error of ionosphere-

corrected bending angles with respect to the ECMWF analysis
for all of the 6800 soundings. Prior to computing the RMS
error, the bending angles obtained from the CLC and NAC
are low-pass filtered with a 1 km cutoff length. This is to
emphasize the frequency range lower than the theoretic reso-
lution of the GPS RO, the so-called diffraction limit. The
ECMWF data contain a limited spectrum of atmospheric struc-
ture and thus the assessed RMS error varies depending on
the low-pass filter applied [e.g., Sokolovskiy et al., 2009].
However, neither of the CLC and NAC is in a more advan-
tageous position in the comparison since the same filter has
been applied to them. The ECMWF forecast is presented here
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not because of its own importance but rather to serve as an
ancillary reference by which the significance of the difference
between the CLC and NAC can be weighed in practical terms.
As can be expected from Figures 8 and 9, the CLC-produced
bending angle shows an error comparable with the forecast
error below 20km. In higher altitudes, however, the CLC
exhibits a larger error than the forecast error. The NAC presents
a remarkable improvement over the CLC, showing a smaller
error than the forecast error up to about 50 km. Considering
the close kinship of the forecast and analysis, the error larger
than the forecast error above 50 km does not necessarily mean
the NAC is less accurate than the forecast there.
[42] The ionosphere-corrected bending angles undergo

further processing to provide profiles of refractivity, temper-
ature, and pressure. First, the refractivity is obtained from
applying an inverse Abel transform to the bending angle pro-
file. In doing so, the prominent error of the CLC-produced
bending angle in high altitudes, if not moderated by any
means, propagates downward and depreciates the value of
the resulting refractivity. As mentioned earlier, this is com-
monly remedied by nudging the observed bending angle
toward an a priori state, usually a climatology. In this study,
the bending angle from the CLC is blended with the forecast.
Two boundaries are defined such that the observed bending
angle is left untouched below the lower bound, replaced with
the forecast above the upper bound, and blended with the
forecast in between. The heights of the two boundaries and
the height-dependent blending ratio are dynamically deter-
mined based on the estimated uncertainties in the bending
angle. The blending results in substantial changes in other
subsequent parameters as RO processing continues. Figure 11
compares the RMS errors against the ECMWF analysis in
refractivity, pressure, and temperature. In the CLC-produced
refractivity, the RMS error decreases with increasing height
after reaching a local peak at 35 km. This contrasts well with
the bending angle error shown in Figure 10b, in which the per-
centage error, before the blending was applied, keeps increas-
ing with height. When comparing the errors in the bending
angle and refractivity, it is obvious that the observation is
weighted less than the forecast in the blending at 35 km and
is completely replaced with the forecast at 45 km on average.
On the contrary, the blending for the NAC starts at much
higher altitudes, about 60 km on average, benefiting from
the reduced error in the combined bending angle. Obtaining

profiles of pressure and temperature from a profile of refractiv-
ity is straightforward. In a dry stratosphere, the refractivity is
proportional to the atmospheric density and thus provides
the atmospheric pressure when integrated vertically using the
hydrostatic equation. The density and pressure then provide
the atmospheric temperature via the ideal gas law. Being
retrieved under the assumption of a dry atmosphere, they are
called dry temperature and dry pressure. When compared to
the analysis, the NAC is smaller than the CLC in the error of
all these parameters. The CLC, however, shows errors larger
than the forecast errors. The error of the NAC is smaller than
the forecast error in the refractivity and the temperature, but
is slightly larger in the pressure. It is uncertain why the larger
error is notable only in the pressure. This may be caused by any
of the following: a non-negligible amount of moisture existing
in the stratosphere, as can be seen in the dry temperature below
13km; higher-order ionospheric terms disregarded in forming
the combination; or systematic error of the NWP analysis.
[43] As mentioned earlier, ECMWF assimilates the CLC-

produced RO data, which pushes the analysis toward the
CLC. Furthermore, the scarcity of observations in the strato-
sphere is likely to force the assimilation system to rely more
on the CLC-produced data. In addition, the forecast and anal-
ysis are closely related to each other. Therefore, the use of
the ECMWF analysis as verification is unfair to the NAC.
Notwithstanding all these disadvantages, the NAC outper-
forms both the CLC and the forecast. This suggests that the
NAC is effective enough to signify the enhanced quality of
the analysis, which is the aggregated impact of all other
observations, and dynamic and physical constraints used in
the assimilation system.
[44] Another important advantage of the NAC over the

CLC is a reduced reliance on the blending of the observed
bending angle with the a priori. There are two reasons that
climatologies are customarily used as the a priori: (1) for
real-time data processing, it is difficult to expect short-term
forecasts to be available all the time; (2) the second and more
likely reason is the concern about systematic errors in the
NWP data products especially for climate applications.
Figure 12 shows the influence of the climate (defined in
section 3.1) on the retrieved parameters when used as a priori
for the upper-level blending. In doing so, the forecast used to
obtain the result shown in Figure 11 is simply replaced with
the climate for the CLC, and the result is then compared with
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the analysis. The influence on refractivity seems moderate in
spite of the fact that the RMS error increases with height
above 25 km. However, the climate error propagates well
down to 10 km for the dry pressure and temperature. The
temperature error at 25 km, for instance, is about 3 degrees.
This contrasts well with the small subdegree error when the
forecast is instead used for the blending.
[45] Strongly propagating the climatology error, the Abel

transform and hydrostatic integration severely degrade the
quality of the retrievals in the lower altitudes. Therefore, the
assumed payback in climatic perspective, if there is any, is
hardly justifiable at the expense of enormous escalation of
retrieval error. More precisely, the use of climatology for the
blending does not remedy the climate drift; instead, it masks
the actual climate signals buried in the observation because
the prescribed climatology, used as the a priori, does not
change with time. This is a problem hitherto disregarded in
that respect. Recently, the possibility of using RO-driven
climatology for the blending has been raised [Ao et al.,
2012; Gleisner and Healy, 2013]. Although the approach
might be somewhat useful for climate applications, the RO-
driven climatology is still fixed in time or at least is not ade-
quate for real-time or operational data processing. Moreover,
the climatology does not contain any information about the
atmospheric state at the time of individual measurements and
is thus not so useful for the data processing of individual
occultation events. Thus, the use of climatologymust be avoided
whenever possible. While the eventual remedy, i.e., not using
any external information, is impractical, the NAC greatly
reduces the reliance on the blending. The NAC utilizes a priori
in forming the combination, but the CLC does not. It may
sound counterintuitive to claim that the NAC is less dependent
on the a priori, but the NAC indeed keeps the lower-altitude
observations intact and extracts more information from the
RO data. The reason for this is that the NAC takes the a priori
as a reference in provisionally separating ionospheric and
neutral atmospheric components from each other; the CLC,
in contrast, exercises the model to replace precombined noisy
measurements. While the influence of the a priori on the NAC
is indirect, it is direct on the CLC. Therefore, the use of a priori
at different stages in theGPSROprocessing results in remarkable
differences in the quality of subsequent retrievals. Moreover,
as shown in appendix, the influence of a priori error on the
NAC would not be a big concern.

5. Summary and Conclusions

[46] Despite its great potential, GPS RO has been under-
utilized in exploiting the stratosphere. A fundamental diffi-
culty that arises in using the data in the stratosphere is that
the air becomes rarefied with increasing height accentuating
the noises contained in the measurement. Above a certain
height, this makes the noise exceed the neutral atmospheric
effect separable from the signal. The dominance of the
measurement noise over the signal is pronounced in the
L2 channel, where the SNR is much lower than that of
the L1. Another complicating factor is the ionospheric influ-
ence on the signal, which is usually greater than the neutral
atmospheric effect in stratospheric heights and increases
with the height as the raypath becomes more parallel to
the ionospheric layers. While the neutral atmosphere con-
tributes equally to the L1 and L2 channels, the ionosphere
exerts itself differently on the dual frequencies. The disper-
sive nature of the ionospheric influence then allows one to
constitute a closed system of equations with two unknowns
(i.e., the ionospheric and neutral atmospheric effects) and
two measurements (i.e., the L1 and L2). By solving these
simultaneous equations, the two effects can be isolated.
This is the CLC. In the presence of significant measurement
noise, the CLC breaks down and ends up combining noises
rather than revealing signal components. More than equaliz-
ing the L1 to the L2 that is inferior in quality, the CLC com-
bines and amplifies their noises and makes the combined
measurement noisier than the L2. This results in the situa-
tion that the CLC cannot sufficiently suppress the noises
even after applying a low-pass filtering, as heavy as a
significant loss of information is unavoidable. All the way
down the RO data stream, the combined noise, unless miti-
gated properly, degrades the quality of subsequent data
products. A widespread approach to circumvent this situa-
tion has been to implement the high-altitude blending, in
which noisy measurements are replaced with a climatology.
However, the error contained in the climatology harshly
propagates downward through the Abel transform and
hydrostatic integration and contaminates lower-level obser-
vational information. Inevitably, this makes the lower-level
RO data less attractive and causes them to be underused.
[47] Upon looking more closely, this study finds that

the CLC sits in the heart of the aforementioned problems.
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Figure 12. Influence of the high-altitude blending on the retrieved parameters: (a) refractivity, (b) dry pressure,
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By disregarding the measurement noises when combining
the dual-frequency data, it amplifies the noises and thus fails
to extract enough useful information from the data; once
combined, the supremacy of the L1 over the L2 is lost and
there is no way to utilize the better quality of the L1 after-
ward. In this study, we revisited the conventional method
and developed a Noise-Aware Combination (NAC), a gener-
alized combination that factors in the presence of measure-
ment error. The fact that contemporary NWP analyses are
capable of providing a realistic depiction of the atmosphere
by means of advanced data assimilation techniques is what
led to the development of the NAC. Also, the limited natural
variability in the neutral atmosphere in stratospheric heights
constrains the NWP data in such a way that it does not devi-
ate far from the real atmosphere. The NWP data can thus
assist in separating the ionospheric and neutral atmospheric
effects from each other, which is obscured by measurement
errors. The model-aided combination permits a differential
weighting so that the sample considered more accurate con-
tributes more to the combination. In the NAC, the error of a
priori is also used to weigh the goodness of the separation.
The NAC is formulated to achieve the minimum error vari-
ance in the combined measurement, which is also always
smaller than the error variance of the CLC. The reduced
variance accompanies a great attenuation of measurement
noises, in contrast to the noise amplification in the CLC.
[48] By comparing the combined measurements against

the known true atmospheric state, the simulation study leaves
no ambiguity in the verification. Also, the test is not
restrained by the practical difficulties that one would con-
front while estimating measurement and a priori errors for
real data. The test showed that even after a low-pass filtering,
the CLC still has significant errors, larger than 500% in the
Doppler above 60 km. Moreover, the low-pass filtering cre-
ates low-frequency artifacts. On the contrary, the NAC
shows very small errors throughout the entire height range
below 70 km. This proved that the NAC leads to a substantial
error reduction in the combined measurement as compared to
the CLC.
[49] For the test with real data, we compared the CLC and

NAC with respect to the ECMWF analysis. The test with real
data is challenging because both observation and verifying
data are imperfect, and accurate estimation of their error is
cumbersome. In this regard, our incomplete knowledge on
the noise process in the actual data limits the performance
of the NAC. On the other hand, the CLC-derived GPS RO
data have been assimilated into the ECMWF assimilation
system to produce the analysis. Because the RO data are
considered an important source of information in the other-
wise data-void stratosphere, the ECMWF analysis may rely
heavily on the CLC narrowing the distance between them.
This makes the comparison of the CLC and NAC particularly
tough. Despite all the disadvantages imposed, the NAC has
shown clear improvements over the CLC in all measures
and parameters. At 20 km, for instance, the RMS error of
the CLC in refractivity is about 0.45%, whereas it is 0.25%
for the NAC. For dry pressure, the CLC and NAC show
0.25% and 0.12%, respectively. Dry temperature compares
0.75 degree for the CLC and 0.5 degree for the NAC,
respectively. Another noteworthy finding is that the NAC
is better than short-term forecasts in the comparison. This
is significant considering the fact that these forecasts are

initiated from the analysis and thus the systematic error
common to them is not accounted for in computing the
RMS error. Another distinct advantage of the NAC over
the CLC is a reduced reliance on the blending of the
observed bending angle with the a priori. This was demon-
strated by alternating the a priori for the CLC with the
forecast and the climate. When the climate is used for
the blending, the climate error propagates well down to
10 km, severely degrading the data quality at the lower
level. The error in dry temperature at 25 km, for instance,
jumped to about 3 degrees when the climate is used for the
blending, and to 1 degree when the forecast is used instead.
It must also be noted that the climatology used for the blend-
ing supersedes actual climate signals contained in RO data,
hiding them from detection.
[50] This study finds that the NAC is a remarkable improve-

ment over the CLC in both weather and climate perspec-
tives. For weather-related applications, the NAC delivers
data of improved quality, clearly better than short-term
forecasts. For climate research, the reduced reliance on
the blending provides a better chance for the observing
system to boast its great climate-related traits: bias-free,
self-calibration, and long-term stability. Nonetheless, the
NAC, at least as in the form presented in this study, has
limitations. In particular, the NAC does not perform very
well when a priori possesses significant systematic error.
Also, error correlations are disregarded in the formulation.
Moreover, the error estimates of both measurement and a
priori have plenty of room for improvement. Indeed, we
have observed that a variant of the NAC, which has been
augmented to deal with the bias of a priori and account for
the error correlations, performs better. The popular use
of high-altitude blending is mainly due to its simplicity.
Inspired by this fact, we intended to propose a practical
and intuitive algorithm rather than sophisticated and com-
prehensive procedures. For this reason and also to improve
the readability of this paper, we decided not to present the
results with the augmented NAC. While seeking improve-
ments for the NAC, we conclude that the problems pertinent
to the NAC can be better dealt within a more general frame-
work: a variational method. The variational combination of
dual-frequency measurements is a promising and natural
extension of this study, and we plan to present the results
in a separate paper.

Appendix A: Inequality of Error Variance

[51] While the NAC makes use of a priori to deduce ion-
ospheric and neutral atmospheric signal components from
L1 and L2 measurements, the CLC does not. It is therefore
natural to be concerned about the potential contamination
of the NAC by the error of the a priori. In this appendix,
we will show that the minimum error variance achieved
by the NAC is also no larger than that of the CLC under
all conditions. Symbols and notations are the same as in
section 2.
[52] Using equations (4) and (5), the ionospheric CLC can

be written as:

f 1 f 2 L1 � L2ð Þ
f 22 � f 21

¼ I

f 1f 2
þ f 1 f 2 ε1 � ε2ð Þ

f 22 � f 21
: (A1)

WEE AND KUO: NOISE-AWARE COMBINATION

12,866



[53] The error variance of the CLC scaled with L1 error
variance is as follows:

Var
f 1 f 2 L1 � L2ð Þ

f 22 � f 21
� I

f 1 f 2

( )
�ε�2

1 ¼ f 1 f 2
f 21 � f 22

 !2

1þ ε̂ 22

 �

; (A2)

where Var(x) denotes the variance of x and ε̂2 ¼ ε2ε�1
1 .

[54] The error variance of corresponding NAC is found to
be as follows:

Var
I�

f 1 f 2
� I

f 1 f 2

� �
�ε�2
1 ¼

γ2 f 1
f 2

� �2
þ f 2

f 1

� �2
ε̂ 2
2 þ γ f 1

f 2

� �
þ f 2

f 1

� �n o2
ε̂ 2
m

γþ 1ð Þ2 ;

(A3)

whereγ ¼ ξ2ξ
�1
1 , ε̂m ¼ εmε�1

1 , and ξ1 and ξ2 are defined in (14).
[55] Figure A1 compares the error variances of the CLC

and NAC for three selected values of ε̂2 and over a range of
ε̂m . As shown in Figure A1a, the error variance of NAC is
always smaller than that of CLC, regardless of the accuracy
of a priori. Also, the response of NAC in the error variance
for the two limits of a priori error (i.e., εm→ 0 and εm→∞)
is clearly visible. The ratio of the error variances confirms
than the NAC is always more accurate than the CLC
(Figure A1b). As expected, moreover, the superiority of the
NAC to the CLC is prominent when the measurements are
nosier, i.e., as ε̂2 increases. The error variance of the NAC
decreases rapidly as εm becomes smaller. Therefore, it is
evident that the quality of a priori is also important for the
NAC to yield an accurate estimate of atmospheric state.
However, the influence of a priori error on the NAC might
not be a big concern because the NAC does not exceed the
CLC in the error variance even for a bad a priori (εm→∞).
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