
IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 46, NO. 11, NOVEMBER 2008 3395

NCURO Data-Retrieval Algorithm in FORMOSAT-3
GPS Radio-Occultation Mission

Tsen-Chieh Chiu, Member, IEEE, Yuei-An Liou, Senior Member, IEEE,
Wen-Hao Yeh, and Cheng-Yung Huang

Abstract—Radio-occultation (RO) technique, which has been
used in planetary science, is a method to obtain the profiles of
atmosphere and the global atmospheric data. In 2006, Taiwan
launched six low-Earth-orbit satellites as a RO constellation mis-
sion, known as FORMOSAT-3. In order to thoroughly understand
the process of the RO data retrieval and obtain as much as possible
the information for the weather prediction, a National Central
University Radio Occultation (NCURO) retrieval algorithm has
been developed. The focus of the algorithm development is on
the correction of the excess phase of the signal received with
open-loop (OL) technique and the criteria for assessment of the
data quality. When the OL is activated, the excess phase of the
global-positioning-system (GPS) signal is modulated with naviga-
tion messages of satellites. In our algorithms, two methods are
incorporated to recover the excess phase. Moreover, as the altitude
of the received signal decreases, the quality of the GPS signal
generally deteriorates, and eventually, the signal is too noisy to
be processed. In order to assess the quality of the signal, instead
of the signal-to-noise ratio, the degree of unclearness is defined
and used in the algorithm. In this paper, the algorithm including
the phase-correction methods and the criteria for the quality
assessment will be described. The data retrieval using the algo-
rithm will be compared with those obtained from the COSMIC
Data Analysis and Archive Center at the University Corporation
for Atmosphere Research and Pingtung radiosonde measurement.
Some intermediate results of the NCURO algorithm will also be
demonstrated.

Index Terms—Global positioning system (GPS), open loop (OL),
radio occultation (RO).

I. INTRODUCTION

RADIO-OCCULTATION (RO) technique has been applied
to investigate the atmosphere of planets in the solar sys-

tem for decades [1]–[4]. It is based on the fact that the radio
waves are bent and delayed due to the gradient of the at-
mospheric refractivity along the ray path. By analyzing the
excess phase of the radio waves, the profiles of atmospheric
parameters can be retrieved. With the advent of global position-
ing system (GPS), it becomes possible to retrieve the refrac-
tivity and temperature profiles of the Earth’s atmosphere using
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the occultation technique. The first RO satellite, MicroLab-1,
was launched in 1995. It receives the GPS signal and creates
about 500 RO data per day. Because it is not limited by
weather and topography, the RO technique can provide much
information to monitor the variation of the global temperature
[5]. Since the operation of MicroLab-1, many satellites of RO
missions have been launched, such as CHAMP [6], [7] and
GRACE [8].

In 2006, Taiwan launched six low-Earth-orbit (LEO) satel-
lites for a RO mission. The name of the mission is Constellation
Observing System for Meteorology, Ionosphere and Climate
(FORMOSAT-3/COSMIC or FORMOSAT-3). FORMOSAT-3
is a cooperative mission between Taiwan and the U.S. The
executive organizations in Taiwan and the U.S. are the National
Space Organization and University Corporation for Atmo-
sphere Research (UCAR), respectively. The amount of the RO
data supplied by FORMOSAT-3 is expected to be 2500–3000
sets per day. The RO data provided by FORMOSAT-3 can be
applied to monitor and study the dynamic of ionosphere [9]–
[11], the space weather [12], [13], the structure of atmosphere
[14]–[18], the gravity of the Earth [19], and the gravity wave
[20]. The RO data can also be provided to improve the accuracy
for weather prediction [21]. The RO data of FORMOSAT-3
are freely provided by Taiwan Analysis Center for COSMIC
(TACC) and COSMIC Data Analysis and Archive Center
(CDAAC) at UCAR.

There have been several algorithms to retrieve atmospheric
parameters from the RO data, such as the algorithm developed
by UCAR [22]. These algorithms are mainly based on methods
such as the geometrical method [23], [24], the back-propagation
method [25], [26], the holographic method [27], [28], the
amplitude-retrieval method [29], the full-spectrum-inversion
method [30], and the canonical transformation [31]. In addi-
tion, many operations such as data-filtering, smoothing, and
empirically weighting methods are involved in the algorithms.
It is suspected that some atmospheric information could be lost
through these operations. In order to thoroughly understand the
process of the data retrieval and obtain as much as possible the
information for the weather prediction, a retrieval algorithm,
the National Central University Radio Occultation (NCURO)
algorithm, is developed [32], [33]. Based on the geometrical
method, the NCURO algorithm uses the excess phase of the
GPS signal to obtain the profiles of atmospheric pressure and
temperature.

One of the many focuses of FORMOSAT-3/COSMIC
is the investigation of the atmospheric phenomena at low
altitude (generally below 10 km). These phenomena are
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Fig. 1. Flowchart of the NCURO data-retrieval algorithm.

essential for climatic modeling and weather prediction. When
the GPS signal is transmitted through the low-altitude at-
mosphere, the multipath and strong fluctuation of the signal
caused by moist troposphere could deteriorate the quality of
data. In FORMOSAT-3 data, the open-loop (OL) technique
[2], [15], [34] is used to replace the traditional phase-locked
loop (PLL) technique to track the GPS signal at low altitude.
Basically, the OL technique uses a frequency filter with the
predefined bandwidth to ensure the signal receiving [34]. How-
ever, with OL, the phases of the GPS signals are affected by
the navigation message. The phases must be corrected before
further processing. Moreover, the quality of the GPS data
deteriorates as the altitude decreases, which eventually weakens
the GPS signal too much for the algorithm to proceed. The data
quality is the main factor which determines the lowest altitude
of the retrieved parameter profiles. Therefore, criteria for the
quality of the GPS signal must be set up. In what follows,
the NCURO algorithm is first summarized in Section II. In
Section III, two correcting methods developed to remove the
effect of the navigation message on the excess phase of the
signal are described. In Section IV, the degree of unclearness is
defined and applied to determine the quality of the signal. The
comparisons of the retrieved results are displayed in Section V,
followed by the conclusion.

II. RETRIEVAL ALGORITHM OF GPS RO DATA

Fig. 1 shows the flowchart of the NCURO data-retrieval
algorithm. Following the algorithm, the dry-pressure and tem-
perature profiles of atmosphere can be retrieved from the GPS
signals. The main input parameters of the algorithm are the
excess phase, signal-to-noise ratio (SNR) of the GPS signal,
navigation-data modulation bits, and the position data of GPS
and LEO satellites. All the input data can be obtained in
atmPhs and gpsBit files from COSMIC postprocessed data in
TACC. The gpsBit files contain GPS navigation-data modu-
lation bits [35]. The atmPhs files contain the excess phase,
SNR of the GPS signal, and the position data of GPS and
LEO satellites. Both gpsBit and atmPhs files are named using
the rule explained in the example of atmPhs_C001.2006.239.
02.30.G30_0001.0001_nc, where

atmPhs could also be gpsBit;
C001 number of Formosat-3/Cosmic satellites;

Fig. 2. Modulation of the GPS signal. The carrier and the code of the GPS
signal are combined using PSK.

2006.239.02.30 year, day of year, hour, and minute when
the file is recorded;

G30 number of the GPS satellites (GNSS id);
0001.0001 (first) ID which tells the command options

used in generating this file and (second) ID
which tells the version of all codes used in
generating this file;

nc data format of the file.
More details regarding the data format can be found in [34].

In what follows, the details of each step in the algorithm are
described.

The first step of the algorithm, the preliminary data quality
control, is to assess the data integrity of the input parameters.
If the integrity does not meet the expectation, the algorithm
will stop. In the preliminary data quality control, two factors
are mainly considered: the number of the data points in data
sequence and the mean SNR of the GPS signal in a prese-
lected altitude range. If, in the preselected range, the number
of RO points is insufficient or the mean SNR of the GPS
signal is low, the algorithm will not continue. In the algorithm,
the typically preselected altitude range is chosen from 40 to
60 km. Following the determination of the data integrity, the
process of the data retrieval begins. In the NCURO algorithm,
the atmosphere of the Earth is assumed to be spherically
multilayered. However, in practice, due to the oblateness of
the Earth, this assumption is inaccurate. With this assumption,
the retrieved temperature below the altitude of 40 km may
possess a bias. Generally, the bias is about 3 K at 10 km
in altitude and 6 K on the ground [37]. To remove the bias,
Syndergaard’s method [37] is applied to obtain a new local ra-
dius of the Earth. The effect of the oblateness of the Earth is thus
eliminated.

GPS signals are transmitted at two frequencies:
1575.42 MHz (L1) and 1227.60 MHz (L2). The signals
are modulated with the navigation message using phase-shift-
keying (PSK) technique to provide satellite clock readings to
the receiver and to transmit information such as the orbital
parameters [38], [39]. When the signal propagates through the
moist troposphere, multipath and strong fluctuation in phase
and amplitude of the signal could deteriorate the data quality.
Fig. 2 shows a typical modulated GPS signal. The phase
shifts 180◦ when the code changed. Traditionally, PLL, which
uses negative feedback to track signal frequency, is applied
to correct the phase shift. However, if the signal becomes
weak, PLL may not be able to track the signal correctly.
The information embedded in the phase could be damaged.
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Recently, the OL technique is used to circumvent the situation
when PLL fails. OL uses a precalculated model to replace the
feedback signal and to ensure the receiving of the GPS signal.
Nevertheless, to calculate the bending angles from the excess
phase of the GPS signal received with OL, ambiguity in phase
will happen due to the modulation of the navigation message.
The correction methods with regard to the phase-ambiguity
removal will be described in Section III.

With the corrected excess phase, the bending angle of the
GPS signal can be calculated. The bending angle is equal to
the angle between two vectors. One of the vectors is from
the center of the Earth to the point where the GPS signal
impinges on the atmosphere. The other vector is from the
center of the Earth to the point where the GPS signal leaves
the atmosphere. Following the Snell’s law, it is found that
the lengths of both vectors are equal to the value of impact
parameter. Then, the bending angles of L1 and L2 GPS sig-
nals can be calculated using geometric-optic technique [40].
When obtaining the bending-angle profile in the neutral at-
mosphere, the ionosphere is considered as a source of noise
to the signal. Since the refractive index of the ionosphere is
related to the concentration of electrons and the frequency of
electromagnetic wave, the L1 and L2 signals can be combined
to significantly reduce the effect of the ionosphere. In the
NCURO algorithm, the atmospheric bending angle is calculated
using [41]

α(r) =
f2
1 α1(r) − f2

2 α2(r)
f2
1 − f2

2

(1)

where f1 is the frequency of L1, f2 is the frequency of L2,
α1 is the bending angle of L1, α2 is the bending angle of
L2, α is bending angle after ionospheric correction, and r is
impact parameter. In (1), α1 and α2 are matched to the same
impact parameter r. Due to the multipath, moisture, and other
influence, the quality of the L2 signal in the troposphere is often
poor. Therefore, the data of the L2 bending angle may not be
available at low altitude.

The next step is to obtain the refractivity (N) of the at-
mosphere. Abel transform [42], which is often used to analyze
the axially symmetric or spherically symmetric functions, is
applied to transfer the bending angle to the refractivity of
the atmosphere. The equation of Abel transform used in RO
technique is written by

n(rp) = exp

⎡
⎢⎣ 1

π

∞∫
rp

α(a)√
a2 − a2

p

da

⎤
⎥⎦ (2)

where n(rp) is the refractive index at rp, rp is the altitude of
perigee, a is impact parameter, ap is the impact parameter at
perigee (ap = n(rp)rp), and α(a) is the bending angle at a.
Moreover, the relation between refractivity and refractive index
is N = (n − 1) × 106. Then, the pressure and temperature
profiles of the atmosphere can be obtained in the following
procedure.

1) As the frequency of the signal is under 20 GHz [23], the
refractivity of the atmosphere can be expressed in terms

of the gas temperature T (in Kelvin), dry pressure Pd (in
millibars), and wet pressure Pw (in millibars) [43]

N = k1
Pd

T
+ k2

Pw

T
+ k3

Pw

T 2
(3)

where k1 = 77.604 K/mbar, k2 = 64.79 K/mbar, and
k3 = 3.776 × 105 K2/mbar.

2) There are two unknowns, Pd and Pw, in (3). Com-
pared to Pd, Pw is significantly smaller at high altitude
(> 10 km). To simplify the computation, Pw is neglected
in the NCURO algorithm. Substituting the static hydrody-
namic equation dP = −gρdz into (3), the dry pressure is
given by

Pd(zi) =
M

77.6R

Top∫
zi

−g(z)N(z)dz + P (Top) (4)

where g is the gravitational constant, R is the ideal gas
constant, M is one mole weight of molecule, Top is the
top of the atmosphere, and zi is the altitude where Pd is
calculated.

3) The dry temperature is given by

T (zi) = 77.6
Pd(zi)
N(zi)

. (5)

The outputs of the NCURO algorithm are dry pressure
and dry temperature. Since Pw is neglected, the near-surface
portions of atmospheric profiles may be inaccurate. To per-
form the correction, 1-D variation analysis using European
Centre for Medium-Range Weather Forecasts (ECMWFs) low-
resolution analysis data could be applied to obtain the at-
mospheric profiles of refractivity, temperature, and water
vapor [44].

III. OL CORRECTION

As mentioned previously, PLL could fail when the signal is
transmitted through the atmosphere at low altitude. In order to
circumvent this problem, OL is used to replace PLL [34]. It
can also resolve the random and systematic errors (bias) in the
extracted phase and in the retrieved refractivity [45]. The phase
of the signal tracked by OL is modulated with the navigation
message. To obtain the correct excess phase of the signal, the
navigation message must be removed. Two correction methods
have been incorporated in the NCURO algorithm to correct the
excess phase. In what follows, both methods will be described.

A. Method I: Correction With gpsBit File

The effect of OL on the bending angle is shown in Fig. 3.
In Fig. 3, two bending-angle profiles without phase correction
show large fluctuation at low altitude. In GPS signals, the
phase shifts 180◦ when navigation-data modulation bit changes
from one to zero or zero to one (as shown in Fig. 2). To
obtain the correct excess phase, it is intuitive to just recover
the phase shift according to the variation of the navigation-data
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Fig. 3. Bending-angle profiles without phase correction. The profiles
are retrieved from (a) atmPhs_C001.2006.239.02.30.G30_0001.0001_nc and
(b) atmPhs_C004.2006.239.04.08.G21_0001.0001_nc, and the large fluctua-
tion appears at low altitude once OL is activated.

modulation bits. However, the excess phase and navigation-data
modulation bits are not recorded simultaneously in the gpsBit
files. In addition, it is difficult to identify the starting bit of
the navigation data in the phase of the GPS signal. To recover
the excess phase, the signal and navigation-data modulation
bits must be synchronized first. The procedure of the data
synchronization is given as follows.

1) Transfer the phase of the GPS signal to the excess-phase
rate (Doppler) [22]. One Doppler profile of the RO data
is shown in Fig. 4 with the activation of OL. Multiple
distinct lines appear in the figure.

2) Eliminate the atmospheric delay of the GPS signal in
the Doppler profile. The increasing tendency in the
Doppler profile disappears, and the profile becomes
horizontal.

3) Select the portion of the Doppler profile where the GPS
signal is received using OL. Assign the value of one to
the data points of the middle line of the profile of multiple
distinct lines. Assign zero to data points of the other lines.
The result is shown in Fig. 5(a).

4) Repeat steps 1) and 3) on navigation-data modulation bits
corresponding to the GPS signal shown in Fig. 4. The
result is shown in Fig. 5(b).

5) Calculate the time correlation factor between the data in
Fig. 5(a) and (b). The result is shown in Fig. 6.

The maximum value of the correlation factor is located at
0.6 s in Fig. 6. It is therefore found that the time lag is 0.6 s.

Fig. 7 shows two cases of the Doppler profiles (also used
in Fig. 3) after phase correction. In Fig. 7(a) and (b), there
are fluctuations due to low SNR of the signal. Even with OL,

Fig. 4. Doppler of the RO excess-phase data. The multiple-line situation
appears once OL is activated. The abscissa is the receiving time, and the origin
indicates that the receiver begins to receive GPS signal.

Fig. 5. (a) Transformed Doppler of the L1 signal from atmPhs_C001.2006.
239.02.30.G30_0001.0001_nc. (b) Transformed navigation code from
gpsBit_C001.2006.239.02.30.G30_0001.0001_nc. Comparing both figures,
it is found that the signal in (a) is delayed by 0.6 s, which will be calculated
in Fig. 6.

Fig. 6. Cross correlation between transformed Doppler and navigation data
shown in Fig. 5. The time difference between the excess phase and navigation
code is 0.6 s.
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Fig. 7. Doppler profiles with phase correction using navigation code.
The data are from (a) atmPhs_C001.2006.239.02.30.G30_0001.0001_nc and
(b) atmPhs_C004.2006.239.04.08.G21_0001.0001_nc, and the squares indicate
the data points of low SNR.

Fig. 8. Retrieved bending-angle profiles from atmPhs files used in Fig. 7.

the Doppler profiles at low altitude generally suffer from large
noise, and the information of the excess phase is lost even
with OL. These data of excess phase at low altitude cannot be
recovered using the navigation-data modulation bits and will
be discarded. Fig. 8 shows the profiles of the bending angle
retrieved from the corrected excess-phase profiles. Compared
with the profiles shown in Fig. 3, it is found that the multiple
lines have converged into one, although there is still fluctuation
due to low SNR of the GPS signal.

Fig. 9. Doppler profiles corrected by the phase-correction methods (a) with
navigation code and (b) without navigation code. The squares indicate that the
data of low SNR. The results of two correction methods are almost the same.
The data are from atmPhs_C003.2006.195.02.49.G06_0001.0001_nc.

B. Method II: Correction Without gpsBit File

Sometimes, the navigation-data modulation bits recorded in
the gpsBit file are incomplete. Somehow, some modulation bits
are just not recorded in gpsBit files. Hence, the method I is
not always applicable. Another method to correct phase without
navigation-data modulation bits is proposed.

1) Perform steps 1) and 2) of the method I in the previous
section.

2) In the GPS signal, phase shifts 180◦ as navigation-data
modulation bit changes. In NCURO algorithm, it is found
that the ordinate value of the data point resulted from
step 1) is larger than 0.25 or less than −0.25 as the
modulation bit changes. The correct excess phase can be
obtained by adding 180◦ to the phase of the GPS signal
if the corresponding data in step 1) is larger than 0.25 or
subtracting 180◦ if less than −0.25.

The Doppler profiles after phase correction using methods I and
II are shown in Fig. 9. Although method II is less complicated
and easier to use, it is more susceptible to the phase noise. When
SNR of the GPS signal is low, there is no way to tell if the phase
shifts due to the change of the modulation bit. Generally, both
corrected Doppler profiles are similar except for the data points
with low SNR.

IV. CRITERIA OF DATA QUALITY

The quality of the GPS signal generally deteriorates as the
altitude decreases. It is important to find criteria with that the
NCURO algorithm can determine which portion of the data
should be discarded due to the poor quality. Intuitively, the
SNR of the GPS signal can be used as a criterion for data
quality. Figs. 10 and 11 show the excess phase and the corre-
sponding SNR profiles of the L1 and L2 signals, respectively.
As expected, the SNR decreases as the altitude decreases, and
the data quality deteriorates. However, the SNR decreases with
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Fig. 10. (a) Excess phase of the L1 RO data and (b) its corresponding SNR
profile. The data are from atmPhs_C001.2007.055.00.18.G14_0001.0001_nc.

Fig. 11. (a) Excess phase of the L2 RO data and (b) its corresponding SNR
profile. The data are from atmPhs_C001.2007.055.00.18.G14_0001.0001_nc.

fluctuation [example in Fig. 10(b)] which makes it difficult to
locate the data of poor quality. Therefore, a new criterion will
be set up in the algorithm.

The quality of the GPS signal cannot be easily examined
in the data of the excess phase. However, it can be more
easily examined in the Doppler profiles. Fig. 12(a) shows the
Doppler profile of an L1 data. In the profile, the multiple-
line situation due to the activation of OL gradually becomes
indistinct and eventually distributes randomly. To quantify the
quality of the phase data, the unclearness profile and the degree
of unclearness are calculated and defined as follows.

1) Use the OL correction methods mentioned previously to
obtain the Doppler profiles without the consideration of
SNR. The result is shown in Fig. 12(b).

2) Perform the step 2) of the method I in Section III. The
result is shown in Fig. 13(a).

3) Use the function b = cos(2πa) to transfer the data, where
a and b are the value of the data points in Fig. 13(a) and
(b), respectively.

Fig. 12. (a) Uncorrected and (b) corrected Doppler of the RO data
from atmPhs_C001.2007.055.00.18.G14_0001.0001_nc. In (b), the correction
method is the method II in Section III (without navigation code).

4) Calculate the standard deviation of each data point in
Fig. 13(b). The standard deviation of each data point is
defined as the standard deviation of the nearest 50 points
(which is decided by experience) from each side of the
data point. The result is shown in Fig. 13(c).

5) Use the line-fitting technique to regress the data piece-
wisely in Fig. 13(c). The result is shown in Fig. 13(d),
which is the unclearness profile.

After considering several tens of data, the degree of unclear-
ness is set to be 0.3 of ordinate. In the unclearness profile, if
it is larger than the degree of unclearness, the corresponding
data of the excess phase will be considered as data of poor
quality. The main point of using the degree of unclearness is
to reject the data of Doppler profile in Fig. 12(b) where the data
points distribute randomly. When the quality of the data fails
the criterion, it is considered that the receiver does not receive
the GPS signal, and this portion of data must be rejected.

Unlike that of the L1 signal, the quality of the phase of the L2
signal can be examined in the Doppler profile easily. As shown
in Fig. 14(a), the variation of the Doppler profile of the L2
signal at the end of the sequence is much larger than the other
portion. It is easier to decide the degree of unclearness of the
L2 signal than that of the L1 signal. It is only necessary to run
the step 4) in the procedure aforementioned using the Doppler
profile of the L2 signal. The result is shown in Fig. 14(b). The
value of standard deviation rises abruptly when the data begin to
distribute randomly. After considering several tens of data, the
degree of unclearness is set at the point with 0.25 of ordinate.

V. COMPARISON WITH NCURO, TACC, AND

RADIOSONDE DATA

The RO data provided by FORMOSAT-3 in January and
February 2007 are processed and compared with the results
obtained from atmPrf files in TACC and Pingtung radiosonde
station in Taiwan. The data in atmPrf files are processed using
the algorithm developed by CDAAC [27] at UCAR. The atmPrf
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Fig. 13. Calculation of the degree of unclearness in Section IV. (a) and
(b) are calculated results corresponding to the steps 2) and 3), (c) is to
step 4), and (d) is to step 5). The data are from atmPhs_C001.2007.
055.00.18.G14_0001.0001_nc.

Fig. 14. (a) Doppler and (b) the degree of unclearness of the L2 RO data from
atmPhs_C001.2007.055.00.18.G14_0001.0001_nc.

Fig. 15. Comparisons of three pressure and temperature profiles which are
retrieved using the NCURO algorithm and obtained from atmPrf file and
radiosonde measurement. The input of the NCURO algorithm is obtained from
atmPhs_C003.2007.019.19.22.G23_2007.3200_nc, and atmPrf file is obtained
from atmPrf_C003.2007.019.19.22.G23_2007.3200_nc.

files are named using the same rule for atmPhs and gpsBit files,
as described in Section II. In the mentioned time period, it
is able to retrieve 22 pressure and temperature profiles of the
atmosphere near Taiwan. Nevertheless, considering the quality
and occurrence time of the data, only limited amount of data in
the atmPrf files and radiosonde measurement are available for
comparison. One case with available atmPrf file and radiosonde
measurement is shown in Fig. 15. Fig. 15 shows the compar-
isons of pressure and temperature profiles which are retrieved
using the NCURO algorithm and obtained from atmPrf file and
radiosonde measurement. Generally, these profiles are in good
agreement, except for the portion near the Earth surface (less
than 8 km in altitude). In reality, the atmosphere above the
Pingtung radiosonde station, which is close to the sea, is often
humid. As mentioned at the end of Section II, the outputs of
the algorithm are dry pressure and dry temperature. Therefore,
the discrepancy between the profiles near the Earth surface is
expected.

To demonstrate the capability of the NCURO algorithm,
Fig. 16 shows some intermediate results in obtaining the pro-
files in Fig. 15. Fig. 16(a1) and (a2) shows the L1 and L2
Doppler profiles, respectively. Since both profiles are obtained
before the process of the phase correction (aforementioned
in Section III), multiple lines and some randomly distrib-
uted points appear. Fig. 16(b1) and (b2) shows the L1 and
L2 Doppler profiles after the phase correction. It should be
noted that the navigation messages are only encoded in L1
signal (C/A code) [46], so Fig. 16(a2) and (b2) are the same.
Fig. 16(c1) and (c2) shows the SNR profiles of the corre-
sponding L1 and L2 signals, respectively. It can be seen that
SNR profiles decrease with fluctuation. To obtain the better
indication of data quality, the L1 and L2 profiles of data
unclearness are calculated (aforementioned in Section IV) and
shown in Fig. 16(d1) and (d2). The degrees of unclearness are
set at 0.3 and 0.25 for L1 and L2 data, respectively. With the
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Fig. 16. Intermediate results of the profiles in Fig. 15 using the NCURO algorithm. (a1) and (a2) are L1 and L2 Doppler profiles, respectively. (b1) and (b2) are
L1 and L2 Doppler after phase correction, respectively. (c1) and (c2) are SNR of L1 and L2, respectively. (d1) and (d2) are unclearness profiles of L1 and L2,
respectively. (e1) and (e2) are the retrieved bending-angle profiles of L1 and L2, respectively. The circled portions are data of poor quality which have already
been discarded.

criteria, the circled portions of profiles in Fig. 16(b1) and (b2)
are discarded. Fig. 16(e1) and (e2) shows the retrieved L1 and
L2 bending-angle profiles, respectively. The circled portions of
the profiles are the data of poor quality which have already
been discarded previously. With the L1 and L2 bending angles,
the calibrated bending-angle profile is calculated (as aforemen-
tioned in Section II) and shown in Fig. 17. Finally, following the
procedures aforementioned at the end of Section II, the pressure
and temperature profiles are obtained and shown in Fig. 15.

Other comparisons between the data obtained from the
NCURO algorithm and TACC are also conducted. Fig. 18
shows the profiles retrieved from the data on September 30,
2007, which is before the arrival of the typhoon Krosa. Fig. 19
shows the profiles retrieved from the data on October 5, 2007,
when the typhoon Krosa hit the southeast China. Generally, the
results agree well with each other. The discrepancy between
the output of the NCURO algorithm and result from TACC is
due to the magnitude of the noise [22]. While the magnitude of
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Fig. 17. Calibrated bending profile from Fig. 16(e1) and (e2) using (1).

Fig. 18. Comparisons of the pressure and temperature profiles which
are retrieved using NCURO algorithm and obtained from atmPrf file.
The input of NCURO algorithm is obtained from atmPhs_C003.2007.
273.14.25.G23_2007.3200_nc, and atmPrf file is obtained from atmPrf_C003.
2007.273.14.25.G23_2007.3200_nc.

the bending angle and its neutral atmosphere-related variations
decrease exponentially with altitude, the magnitude of the noise
remains about constant and overshadows the signal above a
certain altitude. To reduce the error propagation from high to
low altitudes after the Abel inversion, the observational bending
angle at high altitudes could be replaced by a model. So far, the
NCURO algorithm described in this paper is still a theoretical
algorithm, and it focuses on the improvement of the algorithm
accuracy. In the future, combining the NCURO algorithm with
prediction modes and weighting function of observation data
will be considered in the algorithm improvement.

VI. CONCLUSION

In 2006, Taiwan launched six LEO satellites for a RO mis-
sion, FORMOSAT-3. In order to thoroughly understand the
process of the data retrieval and obtain as much as possible the
information for the weather prediction, a retrieval algorithm,
the NCURO algorithm based on geometric optics, is developed.
The focus of the algorithm development is on the correction
of the signal phase received with OL technique and the criteria
for the assessment of the data quality. When the OL is activated,
the excess phase of the GPS signal is modulated with the
navigation codes of satellites. In the algorithms, two methods

Fig. 19. Comparisons of the pressure and temperature profiles which
are retrieved using NCURO algorithm and obtained from atmPrf file.
The input of NCURO algorithm is obtained from atmPhs_C003.2007.
278.01.11.G03_2007.3200_nc, and atmPrf file is obtained from atmPrf_C003.
2007.278.01.11.G03_2007.3200_nc.

are incorporated to recover the excess phase. The first method
can generally be used when the navigation codes of satellites
can be obtained in gpsBit files. However, the navigation codes
may not always be available, and then, the second method using
data regression is developed to correct the excess phase in this
situation. To assess the quality of the GPS signal, instead of
SNR, the degree of unclearness is defined and used in the
algorithm. Moreover, the degree of unclearness is the criterion
to determine the quality of the signal based on the phase of
the signal to reject the data of poor quality. It should be noted
that the quality of the signal determines the lowest altitude
at which the RO point can occur. The retrieved results from
NCURO algorithm are compared with those from CDAAC
at UCAR and radiosondes. Some intermediate results of the
NCURO algorithm are also given in this paper to demonstrate
the capability of the algorithm.
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