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Abstract—The Formosa Satellite-3 and Constellation Ob-
serving System for the Meteorology, Ionosphere, and Climate
(FORMOSAT-3/COSMIC) radio occultation (RO) mission has
been successfully launched on April 14, 2006. The FORMOSAT-3/
COSMIC mission uses global positioning system (GPS) signals
to study the atmosphere and the ionosphere with global cov-
erage. Receivers that are installed onboard of the six small
FORMOSAT-3/COSMIC satellites register the phase and the
amplitude of radio waves at two GPS frequencies. We give a
preliminary analysis of the first RO measurements that are
provided by the FORMOSAT-3/COSMIC mission. The geograph-
ical distribution of the first FORMOSAT-3/COSMIC RO ex-
periments is shown. We demonstrate that the performance of
the first measurements allows obtaining the vertical profiles
of the refractivity, temperature, and pressure for the consid-
ered FORMOSAT-3/COSMIC RO events with expected accuracy,
which is quite similar to the accuracy of the previous Challeng-
ing Mini-Satellite Payload and Gravity Recovery and Climate
Experiment RO missions. New elements in the RO technology
are suggested for further improving the accuracy and broad-
ening the application range of the RO method. We empha-
size new directions in applying the RO method to measure
the vertical gradients of the refractivity in the atmosphere, to
determine the temperature regime in the upper stratosphere,
and to investigate the internal wave activity in the atmosphere.
We find a significant correlation between the phase accelera-
tion and the intensity variations in the RO signals that are
emitted by GPS satellites and registered by the FORMOSAT-3/
COSMIC satellites. This correlation opens a way to locate the lay-
ered structures in the propagation medium based on simultaneous
observations of the radio wave intensity and the phase variations
in trans-ionospheric satellite-to-satellite links.

Index Terms—Atmospheric refractivity, global positioning
system (GPS) remote sensing, layered structures.
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I. INTRODUCTION

HE MAIN idea of the radio occultation (RO) technique

has been suggested in 1964 [1]. Since 1975, the RO
method has been applied to the study of the Earth’s atmosphere
and ionosphere using communication satellites [2]. The pre-
liminary RO experiments, from 1975 to 1995, verified the
methodology of the RO measurements and demonstrated its
great promise for the study of the Earth’s atmosphere and
ionosphere on a global scale. Applying the RO method to
the systematic monitoring of the Earth’s atmosphere using
global positioning system (GPS) signals has been proposed
in 1988-1990 [3], [4] and was demonstrated with the low
Earth orbiting (LEO) satellite MicroLab-1 [GPS/Meteorology
(GPS/MET) mission], which was launched on April 3, 1995
[5], [6]. Vertical profiles of the ray bending angle and refrac-
tivity were retrieved from the raw MicroLab-1 observations,
which, in turn, were used to compute the ionospheric electron
density and neutral atmospheric density, pressure, geopotential
heights of constant pressure levels, temperature, and moisture
vertical profiles [5]-[10]. In addition, reflected signals from
the ocean surface are used to measure sea surface roughness,
delay/Doppler mapping, and wind estimate [11], [12]. Since
then, several GPS RO missions have been launched, which in-
clude @RSTED, Stellenbosch University Satellite (SUNSAT),
Challenging Mini-Satellite Payload (CHAMP), Satelite de
Aplicaciones Cientificas-C (SAC-C), and Gravity Recovery and
Climate Experiment (GRACE) [13]-[19]. Today, the database
of the GPS/MET, CHAMP, and SAC-C RO missions covers
about ten years of observations, which enable the study of
seasonal and geographical dependencies of atmospheric and
ionospheric phenomena on a global scale [5], [17], [20]-
[24]. Now, the RO data are used for validation analyses of
atmospheric profiles produced by different space-based remote-
sensing missions, e.g., verification of the retrieved atmospheric
profiles from the Earth Observing System Microwave Limb
Sounder instrument on the Aura satellite [25]. New refinements
on the RO technique have been considered, which include the
following: 1) atmospheric gravity waves (GWs) morphology
[20], [24], [26]-[31]; 2) retrievals of the refractivity by use of
the amplitude data [31]-[34]; and 3) estimating parameters and
locating wave structures in the ionosphere [35]-[38] and in the
atmosphere [24].

In this paper, we briefly discuss the modernizations of the
RO method and describe their application to the first Formosa
Satellite-3 and Constellation Observing System for Meteo-
rology, Ionosphere, and Climate (FORMOSAT-3/COSMIC)
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Comparison of constellations with 24° and 30° separation between adjoining planes. The 24° orbit separation will provide nonuniform occultation

coverage in local solar time. It is not favorable for ionospheric monitoring and for studying climate seasonal variability. Uniform coverage is extremely important
for a wide class of studies. The coverage of constellation with 30° separation is better than that with 24° separation.

experiments. In Section II, the constellation and deployment
of the FORMOSAT-3/COSMIC satellites are introduced. In
Section III, the equations that describe the basic relationships of
the RO technique are presented, and a new connection between
the phase acceleration and the refraction attenuation is estab-
lished. In Section IV, preliminary results of the FORMOSAT-3/
COSMIC mission are analyzed. In Section V, the joint
analysis of the phase and amplitude data is provided for mea-
suring the horizontal wind perturbations and energy associated
with the atmospheric internal waves.

II. STATUS OF THE FORMOSAT-3/COSMIC MISSION

Termed as the FORMOSAT-3/COSMIC mission, the new
constellation’s primary science goal is to obtain in near real
time the vertical profiles of temperature, pressure, refractivity,
and water vapor in the neutral atmosphere and electron density
in the ionosphere with global coverage at different altitudes.
The measurements during five years of mission existence will
provide about 2500 soundings per day, thus generating an
extensive body of information to support operational global
weather prediction, climate change monitoring, ionospheric
phenomena, space weather research, and estimations of con-
nections of meteorological and ionospheric processes with solar
activity and human impact.

The six small FORMOSAT-3 satellites that were delivered
by one U.S. Minotaur launch vehicle into space on April 14,
2006 opened new possibilities for systematic mass scale RO
studies of the Earth atmosphere and ionosphere at different
altitudes and in various geographical and seasonal conditions.
The Minotaur launch vehicle placed the six FORMOSAT-3
satellites into a circular parking orbit with the following altitude
and inclination: perigee altitude at 492 km, apogee altitude at
538 km, and inclination at 71.99°. The mission configuration
of the FORMOSAT-3 satellites has been changed from the
initial 24° to 30° separation between adjacent orbit planes
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Fig. 2. Number of RO events at different latitudes versus time. The number
of RO events is calculated at longitude equal to 120° and latitudes equal to 0°,
25°, and 50°. The 30° constellation shows better distribution versus time.

to achieve better uniformity in global coverage, as shown in
Figs. 1 and 2. The initial scheme for the constellation with
24° separation between adjacent orbit planes has envisaged a
shorter duration for satellites deployment at the 800-km mission
orbit with the single purpose of beginning sooner the basic
science investigations. Surprisingly, the extensive volume of the
RO data as collected at the current orbits during permanent
constellation deployment was found to be sufficient for the
user’s community.

The total numbers of RO events as collected and processed
up to February 2007 are shown in Fig. 3. As seen in Fig. 3,
the daily number of the useful RO events increased from
200400 in July 2006 up to 1300-1500 in January 2007.
In February 2007, the FORMOSAT-3/COSMIC mission daily
processed ~1500 good atmospheric soundings, which is above
the number of worldwide radiosondes launched per day. In the



LIOU et al.: FORMOSAT-3/COSMIC GPS RADIO OCCULTATION MISSION: PRELIMINARY RESULTS

3815

4000 N T
B Un-retrieval ]
. Elcood l
3000
[ ElBad
s L
o
E ZO(X)k
z -
[e)
& 15
C
1000 !
[ |
il |
L
ol |
2006/04/21 2006/07/01 2006/09/01 2006/11/01 2007/01/01 2007/03/01  2007/04/09
Date

Fig. 3.

Daily number of RO events processed up to April 2007. Aqua color bars are daily number of RO events observed by FORMOSAT-3. Blue bars are daily

number of retrieved vertical atmospheric profiles, and red color bars are bad profiles.
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Fig. 4. FORMOSAT-3 constellation deployment profile versus time. The FORMOSAT-3 satellites flight model no. 2 (FM2), no. 5 (FM5), and no. 6 (FM6) have
arrived to the 800-km orbit in early February 2007. The final mission constellation configuration will arrive to the 800-km orbit around November 30, 2007.

current state of the constellation, the FORMOSAT-3/COSMIC
mission daily provides much more profiles as ever before.
Therefore, the period for the constellation deployment phase
has been prolonged from 13 to 20 months by changing the orbit
planes separation to 30°. The constellation deployment profile
and the constellation configuration that corresponds to April
2007 are shown in Figs. 4 and 5, respectively. In the beginning

of the constellation deployment, the FORMOSAT-3 satellite
FMS5 was the first spacecraft being maneuvered into the 800-km
orbit altitude. The orbit plane of the FMS5 satellite is used now
as the Right Ascension of Ascending Node (RAAN) refer-
ence plane for the other FORMOSAT-3 satellites to drift their
orbit planes into the proper RAAN phase. The FORMOSAT-3
satellites FM2 and FM6 have arrived to the 800-km mission
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FORMOSAT-3 constellation configuration in April 2007. The FORMOSAT-3 satellite flight model no. 2 (FM2), no. 5 (FM5), and no. 6 (FM6) are already

installed at their working orbits with 800-km height. The FORMOSAT-3 satellites flight model no. 1 (FM1) and no. 3 (FM3) up to now are on the intermediate
orbits with 518-km height, and no. 4 (FM4) is performed with thrusting burns as of the writing of this paper in April 2007.

orbit (Figs. 4 and 5) in February 2007. The optimized con-
stellation configuration with six orbit planes separated by
30° at the 800-km altitude will be finally developed around
November 30, 2007.

III. RO METHOD

The key geometric parameters of a GPS RO experiment
are shown in Fig. 6. Point O denotes the global spherical
symmetry’s center of the Earth’s atmosphere and ionosphere.
Radio waves emitted by the GPS satellite (point 7) are detected
by the receiver onboard the LEO satellite (point L) after their
propagation along ray GT1'L, where T is the ray perigee. At
point 7°, the ray’s distance from the Earth’s surface h is min-
imal, and the gradient of refractivity N (h) is perpendicular
to the ray trajectory GT'L (Fig. 6). The projection of point 7’
on the Earth’s surface determines the geographical coordinates
of the RO region. The records of the RO signal along the
LEO trajectory at two GPS frequencies f; = 1575.42 MHz
and fo = 1227.6 MHz are the radio holograms, which contain
the amplitudes A, (¢) and Ay(t), respectively, along the phase
path excesses ®1(¢) and ®2(t) of the radio field as functions
of time. The vertical velocity of the occultation beam path v
is about 2 km/s. This v, value is many times greater than the
ones that correspond to the motion of layers in the ionosphere
and the atmosphere. Therefore, the satellite radio holograms
contain quasi-instantaneous image of the Earth environment
in the RO region. The phase variations of the RO signal can
be applied to determine the impact parameter p of the ray

Fig. 6. Ray path configuration in a spherically symmetric media during the
RO experiment. The vertical gradient of the refractivity is perpendicular to the
radio ray G'T'L in the tangent point T". In the case of the spherical symmetric
atmosphere with center of symmetry in point O, the tangent point 7" coincides
with the radio ray perigee. The center of spherical symmetry O and the tangent
point 7" can be displaced owing to the horizontal gradients in the atmosphere to
point O and T”, respectively.

trajectory GT'L and the bending angle £(p) (Fig. 6) by use of
known satellite trajectory data [22]. Then, the electron density
Ne(p) in the ionosphere and the vertical profiles of refractivity
N (p) in the neutral atmosphere can be determined by different
methods based on the Abel transform [33], [34], [39]-[41]. The
altitude h can be determined from the known values of the
Earth curvature radius a., impact parameter p, and refractivity
N(p) under the assumption of spherical symmetry with the
center at point O [22]. The amplitude variations of the RO
signals are also used to determine the vertical gradient of the
refractivity dN (h)/dh and electron density dN.(h)/dh [42].
Note that at GPS frequencies, the refractivity is small, and the
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location of the point 7" in the upper atmosphere and ionosphere
practically coincides with the projection of the center of spher-
ical symmetry O on the line-of-sight direction GL—point ()
(Fig. 6). Therefore, the height h of the ray perigee 1" can be
directly calculated by use of a known location of the spher-
ical symmetry center O and trajectory data. Below, we will
consider the basic relationships of the RO method with the addi-
tion of the important connection between the phase acceleration
and the refraction attenuation of radio waves.

There is the significant connection between the phase path
excess ®(t) and the amplitude A(t) of radio holograms consid-
ered as functions of time at two GPS frequencies f; and fs.
This connection is described for the case of local spherical
symmetry by equations previously found in [24], [31], [43], and
[44],1.e.,

®(p) =L(p) + x(p) — Ro (1)
X (p) =pR[R Radydo sin 0960 /0p|) )
00/0p = de /dp — (1/dy +1/ds) 3)
Lp) = (R? = p*)"* + (RE - p*) % + pt(p)
Ro= (R} — %) + (B3 —p))"" @)
d= (B )" d= (-1

where «(p) is the main refractivity part of the phase path excess,
&(p) = —dk(p)/dp is the refraction angle, 6(p) is the central
angle, p and p, are the impact parameters of the ray trajectory
GTL and the line-of-sight GQ L, respectively, Ry, Ry, and R5
are the distances GL, OG, and OL, respectively, L(p) is the
distance GABL, and d; and ds are two short lengths, i.e., GA
and B L, which are approximately equal to GQ and Q L (Fig. 6).
The refraction angle £(p) is connected with the central angle ¢
(Fig. 6), i.e.,

0 =m+&(p) —sin~ ' (p/Ry) —sin~ ' (p/Ry)

0 = —sin*(ps/Ry) — sin"*(ps/Rz) (6)
&(p) = sin(p/Ry) + sin"' (p/R2)
—sin ! (ps/Ry) —sin ! (ps/Ry). (7)

Two different expressions (6) for the central angle 6 can be used
to obtain the connection (7) between the impact parameters
ps and p and the refraction angle £(p). From (1) and (6), one
can obtain by differentiation of the phase excess ®(p) and
the central angle 6 on time the relationship that connects the
Doppler frequency of the RO signal with the impact parameters
p and pg, i.e.,

d®(p)/dt = (p — ps)d0/dt + (dy — d1s) Ry dR, /dt
+ (dy — das) Ry 'dRy /dt (8)
df/dt = 00/0psdps /dt — ps
x [(disR1)""dRy /dt + (dosR2) ' dRy /dt]

dio = (R2—p2)"?  dye = (RZ—p2)"? )
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where d;s and ds, are the distances GQ and @)L, respectively
(Fig. 6). After substitution of (9) in (8), one can obtain

d®(p)/dt = — (p — ps)

x {(1/0115 +1/dag)dps/dt + (p° — p?)

X {Rlde/dt [d1s(dis+ di)(pdis+ psdi)]) "
+ RodRy /dt [das(das + do)

><(pd25+psd2)]‘1}}. (10)

Equations (6)—(10) are valid for the general case of the noncir-
cular orbits of the GPS and LEO satellites. Equation (10) can
be simplified under the condition

[1/dys+ 1/das)dps/dt| >

(02 = p2) { Rad R/t [dys(drs + ) (pis + poca)] "

+ RngQ/dt [dQS (d25+ d2)(pd25+ psdQ)]_l}‘
(11)

which is valid if |(p — ps)dR; 2/dt| < ps|dps/dt]. This in-
equality is valid for all practical RO situations. Under an indi-
cated approximation, one can obtain from (10) a formula for the
estimation of the difference p — ps on the Doppler frequency
d®(p)/dt, i.e.,

d®(p)/dt = —(p — ps)(1/d1s + 1/das)dps/dt. — (12)

The values ps, dps/dt, dys, and das can be delivered from
the orbital data, and the phase delays ® o(p) are the objects
of measurements and are given in the phase parts of radio
holograms at frequencies f1 and f,. Therefore, one may obtain
(after the ionospheric correction) the dependence of the refrac-
tion angle £ on the impact parameter p and then, by use of Abel
inversion, retrieve the vertical profiles of the refractivity N (h),
pressure P(h), temperature T'(h), humidity e(h), and electron
density in the ionosphere N, (h) [22].

Below, we will consider the new relationship that connects
the phase acceleration and the refraction attenuation of radio
waves. Under conditions

13)
(14)

P — ps| < ps
|(p—ps)d(00/0ps)/dt| < |(dp/dt—dps/dt) - 00/ Ops|

by use of dp/dt — dps/dt = [X(t) — 1]dps/dt [24], one can
obtain from (12)

1-X(t)=ma a=d*®(t)/dt? (15)
m = q/(dps/dt)* (16)
g=dida/(d1 +d2) di+da=Rg. (17)

Equation (15) indicates the equivalence between the varia-
tions of the phase path excess acceleration a = d?®(t)/dt? and
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the refraction attenuation X (¢), which may be verified by use
of the RO data. Usually, during the RO experiments, parameters
m and dps/dt are known from the orbital data because the
location of the spherical symmetry center O and its projection
on the line-of-sight point () are known, and the distance G'I" dy
and TL dy can be easily estimated as dy» = (R}, — p?)!/?
(Fig. 6). Therefore, (15) gives a possibility to recalculate the
phase acceleration a to the refraction attenuation X,. This is
useful for excluding the systematic errors from the phase and/or
amplitude data and also for the estimation of the absorption in
the atmosphere. The refraction attenuation X, is determined
from the amplitude data as a ratio of the intensity of the
radio signal that propagates through the atmosphere I,(t) to
its intensity in free space I, i.e.,

(18)

Thus, the experimental value X, is the sum of the refractive
and absorption contributions. However, the phase acceleration
depends on the refraction effect only. This gives a possibility to
determine the absorption in the atmosphere Y (¢) as a ratio

Y (t) = Xa(t)/(1 — ma). (19)
This possibility must be investigated in detail because in the
future satellite RO mission, the measurement of the absorption
effects due to water vapor and minor atmospheric gas con-
stituents is planned, and the difficulties will consist of remov-
ing the refraction attenuation effect from the amplitude data.
Equation (19) indicates the feasible way to solve this problem.
Moreover, relationship (19) may be useful for estimating the
conditions for communication in the Ku/K bands between two
LEO satellites in a RO geometry [45]. However, the detailed
analysis of the methodology is beyond the scope of this paper
and will be considered in future publications.

At the GPS frequencies, the absorption effect in RO experi-
ment mainly caused by the atmospheric oxygen is about 2-3 dB
in the lower troposphere and is small in the upper troposphere
and the stratosphere. Therefore, (15)-(17) are useful in con-
trolling the deflections from the spherical symmetry by use of
a joint analysis of the amplitude and phase variations in the
RO signal.

The horizontal gradients in the ionosphere and the at-
mosphere can displace the tangent point 1" along the ray tra-
jectory to point 7" because of the deflection of the center of
the spherical symmetry from its standard position—point O to
point O (Fig. 6). As a consequence, the value of the distance
T'L [approximately equal to L@’ (Fig. 6)] will change to d,
and the parameter m will also change its magnitude. However,
(15)—(17) are valid in the case of local spherical symmetry with
the new center O'. Therefore, if the magnitude of the parameter
m will be estimated from the experimental data, then it is
possible to find the new value of distance T"L d), and, thus,
determine the location of the new tangent point 7" relative to
the point 7' (or L). For the determination of the parameter m
from the experimental data, we can assume that the value m is
a slowly changing function of time. If the noise is very small,

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 11, NOVEMBER 2007

the averaging is not necessary, and the parameter m can be
determined directly from (15) as a ratio
m=[1-X()]/a. (20)
In the presence of noise, the value m(t, ) that corresponds to
some instant of time ¢, can be determined from the RO data
as a ratio of the average of the squared refraction attenuation
variation and the phase acceleration variations, i.e.,

i=k+M i=k+M 1/2
m(tk)={ Sooxy -1/ > [a(ti)]2} Q1)
i=k—M ik—M

where 20 is the number of samples for averaging, and X (¢;)
and a(t;) are the current values of the refraction attenuation and
phase acceleration variations at the time instant ¢;, respectively.
Equation (21) is valid if there is a full correlation between the
refraction attenuation and the phase acceleration according to
(15). In real conditions, there are different sources of amplitude
and phase variations of the RO signal (e.g., turbulence, mul-
tipath propagation, etc.) that do not obey (15). However, the
amplitude and phase variations that correspond to the layered
structures in the atmosphere and the ionosphere must obey rela-
tionship (15), and therefore, the parameter m can be determined
also from the correlation relationship

ikt M i=k+M
m(ty) = Y [1=X)]alt) /Y lat)*. 22)
i=k—M i=k—M

Relationship (22) describes the parameter m as a correlation
coefficient between the refraction attenuation X (¢;) and the
phase acceleration a(t;).

When the parameter m is known with sufficient accuracy,
one can estimate the distance D between the tangent points 7'
and T” (Fig. 6) by use of (16) and (17), i.e.,

Dady—dy =dy— (R2—p*)"/*.

(23)

When the influence of turbulence, multipath, and instabilities
in transmitter and receiver are important, (20)—(23) give three
different values of the parameter m and the distance D. Note
that one must account for the velocity of point O’ in relations
(16) and (17). In the case of the Earth’s atmosphere and
ionosphere, the velocity of motion of layers and, consequently,
the velocity of point O’ is small as compared with the orbital
velocities of the GPS and LEO satellites.

IV. PRELIMINARY RESULTS OF THE
FORMOSAT-3/COSMIC MISSION

The geographical distribution of the first ten-day
FORMOSAT-3/COSMIC RO mission events is given in Fig. 7
from April 21 to 30, 2006. The total number of RO events
is 812 because the main goal of the preliminary phase consists
of checking the software and hardware of the receivers onboard
the FORMOSAT-3 satellites. After ending the preliminary
phase (about 20 months after the launch), the nominal value
of the RO events will achieve about 2500 occultations per
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Fig. 8. Phase excesses ®1(t) and ®2(t) (curves 1 and 2) (right panel)
before and (left panel) after ionospheric correction. Curve 3 describes the
automatically corrected phase delay ®q(¢) by use of (24). Curves 2 and 3
are displaced by 0.5 m for better comparison. The noise, which is seen at
frequency f2 (curve 2), is transmitted after linear ionospheric correction to the
contribution from the neutral atmosphere (curve 3). The ionospheric correction,
which uses the ionospheric model, does not allow the noise transmission to the
corrected phase delay at frequency f1 (curve 1 in the left panel).

day. The near-polar orbit of the FORMOSAT-3 satellite allows
global monitoring, which includes monitoring of the North
and South Polar Regions and ocean areas. As a rule, the
first FORMOSAT-3/COSMIC RO measurements have been
provided down to the 5- to 8-km height interval. A tracking
firmware for COSMIC receivers has been implemented by
Jet Propulsion Laboratory [46]. L1 and L2 signals have been
recorded in a closed-loop mode above ~10 km. Below ~10 km,
L1 has been recorded in an open-loop mode.

While measuring the neutral atmospheric parameters, the
ionospheric correction method is applied to subtract the iono-
spheric effect from the RO phase data. The linear ionospheric
correction of the phase delays is automatically applied in the
FORMOSAT-3/COSMIC RO data using the formula [23], [47]

®o(t) = [fi01(t) - fFR2(0)] / (ff — f2) (@9
where ®((t) is the corrected phase delay, which is included
together with the phase delays ®;(¢) and ®4(t) in the RO data.
The common bending angle correction method [48] requires
differentiation of the phase excess on time and, therefore, en-
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Fig. 9. (Left panel) Results of retrieving the vertical profiles of refractivity
N (h) (N units) and pressure P(h) (hPa) from the phase delay ®1 (¢). The top
left vertical axis corresponds to pressure (curve 1), and the bottom left vertical
axis is relevant to the refractivity perturbations (curve 4). The right vertical
axis corresponds to the vertical profiles of the refractivity calculated by use of
standard atmospheric model (curve 2) and the refractivity retrieved from the
RO data (curve 3). (Right panel) Results of retrieving the vertical profile of
temperature T'(h) (K). The data are relevant to the FORMOSAT-3/COSMIC
RO event no. 0003 (April 22, 2006, 17 h 33 min 40 s LT), above the western
part of the Barents Sea with geographical coordinates 74.3° N, 333.2° W. Open
circles indicate the results of NCEP analysis for this area (April 22, 2006,
15 h 00 min UT; http://www.cdc.noaa.gov/cgi-bin) at the altitudes that corre-
spond to pressure 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa.

larges the influence of high-frequency noise. The disadvantage
of both linear correction methods consists of an increase in the
high-frequency noise contribution.

To decrease the high-frequency noise contribution, we sepa-
rately exclude the slow ionospheric trend from both frequencies
f1 and fy by use of the ionospheric model IRI-2000. To
eliminate a possible bias that the model may introduce into
the neutral refractivity profile, we use the reference function,
which has been obtained from the phase delay ®(¢) by the
least-squares method. Through this method of ionospheric cor-
rection, we exclude the ionospheric systematic error in the
low-frequency interval and avoid the increase in the high-
frequency noise. The suggested method is appropriate during
period of minimal solar activity when the ionosphere is quiet.
The results of the application of the ionospheric correction to
both phase delays fi; and f> and the comparison with linear
correction method (24) are shown in Fig. 8. The results shown
in Fig. 8 have been obtained after subtracting the phase delays,
which are calculated using the model of standard refraction
in the atmosphere [43], i.e., N = Ngexp(—H/Hy), where H
is the height above the Earth surface, Ny is the refractivity of
the atmosphere at H = 0, and H is the height scale of the
atmosphere. Curves 1-3 in Fig. 8 (right panel) demonstrate the
behavior of the phase delays @4 () (curve 1), ®2(t) (curve 2),
and the linear corrected phase delay ®¢(t) (24) as a func-
tion of height h in the atmosphere. The noise from fre-
quency D,(t) is seen also in the phase delay ®q(t) (curve 3).
Application of the ionospheric model allows excluding the
ionospheric effect from both phase delays ®1(¢) (curve 1) and
®y(t) (curve 2) without increasing the noise intensity (Fig. 8,
left panel). For better comparison with the results of linear
ionospheric correction (curve 3), curves 2 and 3 are displaced
by 0.5 m in the opposite sites (Fig. 8, left panel).

The model-dependent ionospheric correction minimizes the
noise level in the retrieved atmospheric refractivity. This allows
obtaining high accuracy in the vertical profiles of pressure and
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temperature over the RO region. The results of retrieving the
vertical profiles of refractivity N (h) (/N units), pressure P(h)
(hPa), and temperature 7'(h) (K) from the phase delay @4 (t)
are demonstrated in Fig. 9 for the FORMOSAT-3/COSMIC RO
event 0003 (April 22, 2006, 17 h 33 min 40 s LT, geographical
coordinates 74.3° N, 333.2° W). The data, which are shown in
Fig. 9 (left panel), are relevant to the vertical profiles of pressure
P(h) (curve 1), refractivity N,,,(h), which is obtained from the
standard model of the atmosphere (curve 2), refractivity N (h),
which is retrieved from the phase delay ®; (curve 3), and to
the difference N,,,(h) — N (h) (curve 4). The retrieved vertical
profile of the refractivity is below the standard atmospheric
refractivity profile because of the geographical location, i.e.,
the north polar region, where the cold temperature in the lower
troposphere necessitates a higher rate of decrease in refractivity
and pressure with altitude. The vertical profile of temperature
T'(h) that is obtained after the model-dependent ionospheric
correction from the phase delay ®; is shown in Fig. 9 (right
panel). The changes of temperature T'(h) are concentrated in
the 216- to 228-K interval when the altitude is increasing from
10 to 40 km (Fig. 9, right panel). The influence of tropopause,
where the vertical gradient of temperature changes from —5
to +2 K/km, is evident in the 8- to 11-km altitude interval.
The 11-K temperature increase with vertical gradient 0.9 K/km
is visible in the 28- to 40-km altitude interval. The results
of RO temperature measurements can be compared with the
data of National Centers for Environmental Prediction (NCEP)
analysis in this region that are relevant to the time of RO
measurements.
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The results of NCEP analysis have been obtained from the
Web site http://www.cdc.noaa.gov/Composites/hour/ and are
shown by open circles (Fig. 9, right panel) at the altitudes
that correspond to pressure values 250, 200, 150, 100, 70,
50, 30, 20, and 10 hPa. Comparison of the results of RO
data analysis with NCEP data indicates an accuracy of about
+0.5 K in the 12- to 20-km height interval and ~£1-4+2 K
at the 20- to 35-km altitudes. This indicates that the quality of
the FORMOSAT-3/COSMIC RO measurements corresponds to
that one observed in CHAMP experiments. The influence of the
internal wave structures with amplitudes of about 1-3 K and
vertical wavelength 1-3 km is clearly seen in the 11- to 28-km
height interval.

The temperature vertical profiles in two equatorial and two
moderate-latitude areas are shown in Figs. 10 and 11. The geo-
graphical coordinates of equatorial areas are 11.5° S, 63.8° W
and 23.2° S, 59.0° W and are shown in Fig. 10 (left and
right panels, respectively). These RO events are located in the
equatorial and tropical parts of South America, respectively.
The moderate-latitude RO events are located in the southern
part of the Indian Ocean (with geographical coordinates 57.5° S
and 295.1° W) and in the northern part of the Pacific Ocean
(with geographical coordinates 55.5° N and 194.6° W), respec-
tively (Fig. 11). The results of the NCEP analysis are shown
by open circles (Figs. 10 and 11, right and left panels) at the
altitudes that correspond to pressure values 200, 150, 100, 70,
50, 30, 20, and 10 hPa. The forms of the vertical temperature
profiles are very different. In the equatorial and tropical re-
gions of North America, the tropopause is clearly seen in the
temperature profile with minimal temperatures ~190-196 K
concentrated near the 17-km altitude. Above the tropopause,
the temperature is increasing from 190 to 196 K (Fig. 10,
left and right panels) at ~17 km up to 270-275 K at 46-km
altitude (Fig. 10, left panel) and to 235-240 K at 37-km
altitude (Fig. 10, right panel). Temperature variations observed
in the 17- to 40-km height interval may be connected with
influence of the internal atmospheric waves. Above the 36-km
altitude (Fig. 10, left panel) and the 32-km altitude (Fig. 10,
right panel), the temperature achieved maximal values of ~270
and 240 K, respectively. These maxima can correspond to the
warming effect of the stratospheric ozone. Random temperature
variations in the 36- to 46-km altitude interval are mainly
caused by the high-frequency receiver noise. In the moderate-
latitude area, one can see the multiple tropopause phenomena
(Fig. 11). The first temperature minimum is located near the
10-km altitude. The minimal temperatures are also seen in the
10- to 22- and 10- to 28-km height intervals (Fig. 11, right and
left panels, respectively). Small temperature variations in the
10- to 28-km height interval are connected with influence of
the internal waves having the vertical wavelength 1-4 km. The
temperature increases by 30—40 K at the altitudes 2240 km up
to the maximal value ~250-255 K at the 36- and 40-km height
(Fig. 11, right and left panels). The statistical error in the tem-
perature measurement is rapidly increasing and is about +£4 K
at the altitude 40—46 km (Fig. 11). Comparison of the results of
RO data analysis with the NCEP data indicates good quality
of the FORMOSAT-3/COSMIC RO measurements (Figs. 10
and 11).
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Therefore, the results shown in Figs. 9-11 indicate a
sufficient level of the accuracy of the temperature vertical pro-
files (£0.5—+2 K), which are found from the FORMOSAT-3/
COSMIC RO frequency ®; data, and reveal advantages of
the application of the RO method to study meteorological
parameters at different altitudes in the stratosphere and the
upper troposphere.

V. AMPLITUDE AND PHASE OF THE RO SIGNAL AS RADIO
HOLOGRAMS OF INTERNAL WAVES IN THE ATMOSPHERE

The RO method is a new tool for studying the internal GW's
on a global scale. Analysis of the temperature variations that
were found from the RO phase data furnishes an opportunity
to measure the statistical characteristics of the GW in the at-
mosphere as shown by [20], [26], and [27]. Global morphology
of the GW activity in the stratosphere has been investigated
in [20]. A vertical wavenumber spectrum of the normalized
temperature fluctuations has been determined from the phase
data of GPS/MET RO events in June/July 1995, October 1995,
and February 1997, and the seasonal and latitudinal variations
of the potential energy of the GW per unit mass have been
estimated in [27].

The amplitude channels of the RO signal offer a new capabil-
ity for investigating internal atmospheric waves [24], [33], [34],
[42], [44], [49]. Quasi-regular structures are often seen in the
amplitude data at heights that correspond to the tropopause and
the lower stratosphere. These structures have the vertical wave-
length in the range of 0.8—4 km and can be associated with GW
transmitting energy and momentum through the troposphere to
the stratosphere [26], [27], [30].

The goals of this section are 1) to compare the quality of
the phase and amplitude channels of the RO radio holograms
as a tool for observing the atmospheric internal waves and
2) to define the horizontal wind perturbations associated with
GW by use of amplitude and phase of the RO signal.

Wave structures, as seen in the altitude dependences of the
refraction attenuations X, and X, that are calculated from
the phase acceleration (curve 1) and amplitude (curve 2) data
[(13) and (16)], are shown in Fig. 12(a)-(d). The data in
Fig. 12 correspond to four FORMOSAT-3 RO events: 0081—
April 29, 48.0° N, 107.8° W (panel a); 0052—April 25, 1.6° N,
330.6° W (panel b), April 25, 35.0° S, 324.4° W (panel c),
and April 25, 31.3° N, 198.5° W (panel d). For the calculation
of the refraction attenuation from the phase excess data, the
coefficient m in (6) has been evaluated using the satellites
orbital data, which include the position and velocities of the
GPS and LEO satellites relative to the center of the spherical
symmetry point O (Fig. 6). The significant correspondence
between the refraction attenuations that are obtained from the
phase and amplitude data is clearly seen in Fig. 12(a)-(d)
(curves 1 and 2). This correspondence is excellent when one
considers the slow trend that describes the decrease of the
refraction attenuation with height [Fig. 12(a)-(d)]. The high-
frequency oscillations in the refraction attenuations that are
found from the amplitude and phase data quantitatively coin-
cide (Fig. 12, left and right panels). The small discrepancies in
high-frequency oscillations (Fig. 12) may be connected with the
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(curves 1 and 2, respectively).

influence of the diffraction effects, irregularities, and turbulence
in the propagation medium and thermal noise. One can try to
determine the displacement D of the tangent point I" by use
of the method described in Section II. An example of deter-
mination of the displacement D is shown in Fig. 13. The data
shown in Fig. 13 correspond to the FORMOSAT-3 RO event
0106, April 23, 2006, 04 h 11 min 01 s LT, with geographical
coordinates 11.1° N, 310.7° W. Curves 1 and 2 in Fig. 13 (left
panel) demonstrate the significant correspondence between the
refraction attenuations X,, and X, evaluated from the phase
acceleration and amplitude data [(15) and (18), respectively] at
the first GPS frequency fi. This correspondence allows one to
determine the horizontal displacement D of the tangent point
T. The results of the evaluation of the displacement D by use
of (21)—(23) are shown in Fig. 13 (right panel). Curves 1 and
2 correspond to the values D that were found by use of the
relationships (21), (23) and (22), (23), respectively. According
to Fig. 13 (right panel), the displacement D estimated from
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(22) and (23) is bounded between £25 km in the 10- to 16-km
altitude interval and between £50 km in the 16- to 35-km height
interval. This experimental result supports the theoretical esti-
mations of the position of the tangent point in the atmosphere,
which has been previously made [50], and opens a possibility
to apply the method suggested in Section II for the location of
the layered structures in the atmosphere and estimating their
inclination. Earlier, this method has been successfully applied
for the location of the inclined layered structures in the lower
ionosphere [38] with the accuracy of about £150 km, which
seems to be sufficient for determining the position of plasma
layers in trans-ionospheric satellite—satellite links.

As observed from the analysis of the data shown in Figs. 12
and 13, relationship (15) is valid in the RO experiments up to
altitudes of about 30-40 km. Relationship (15) opens a new
way to measure the refraction attenuation in different kinds
of RO experiments, which include the investigation of the
planetary atmospheres. Thus, the phase acceleration has the
same importance for the RO experiments as the well-known
Doppler frequency. Note that by use of the phase data, one
can correct the amplitude data for systematic errors that are
caused by the trends in the antenna gain and direction and
the receiver’s noise variations. The interesting feature of the
phase acceleration consists in the decrease of the ionospheric
influence. The slow ionospheric trend, which is clearly seen in
Fig. 8 (left panel, curves 1 and 2), introduces a systematic error
in the phase path excesses at frequencies f; and fs. This error
is more than the contribution of the neutral component in the
upper stratosphere. However, the slow ionospheric trend is not
seen in the refraction attenuation [Figs. 12(a)—(d) and 13, left
panel] because of the effect of double differentiation on time.
Detailed validation of the suggested method for the location
of the wave structures in the atmosphere is a task for future
research.

The amplitudes of the refraction attenuation variations in
Figs. 12 and 13 are decreasing with the increase of the altitude,
thus indicating the atmospheric origin of the wave structures.
The vertical wavelength of the wave structures is changing in
the 1- to 4-km interval (Figs. 12 and 13) that is typical for
atmospheric internal GWs [26], [27].

The polarization and dispersion GW relationships can be
used to find the horizontal wind perturbations and kinetic
energy of GW as formerly shown in [28]. The reply of GW can
be obtained after subtracting the regular contribution from the
refraction attenuations X, and X,,. Curves 1 and 2 in Fig. 14
(left panel) demonstrate the refraction attenuations X, and X,
evaluated from the phase acceleration and amplitude data [(15)
and (18), respectively] for the FORMOSAT-3/COSMIC RO
event 0003 (April 22, 2006, 17 h 33 min 40 s LT, geographical
coordinates 74.3° N, 333.2° W) at the first GPS frequency fi.
Smooth curve 3 describes the results of modeling of the refrac-
tion attenuation. The significant correspondence between the
refraction attenuations obtained from the amplitude and phase
data is clearly seen in Fig. 14 (left panel; curves 1 and 2). This
correspondence is excellent when one considers the slow trend
that describes the decrease of the refraction attenuation with
height (Fig. 14, left panel). The high-frequency oscillations in
the refraction attenuations found from the amplitude and phase
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the phase and amplitude data (curves 1 and 2, respectively). Curve 3 indicates
the results of simulation of the refraction attenuation in the atmosphere. (Right
panel) The variations of the vertical gradient of refractivity retrieved from the
phase and amplitude data (curves 1 and 2, respectively).

data quantitatively coincide (Fig. 14, left and right panels). The
results of modeling of the refraction attenuation coincide well
with experimental data.

Previously, [24] and [42] showed that the amplitude varia-
tions of the RO signal can be used to find the vertical gradient
of the refractivity dN (h)/dh. Equation (15) opens a new way
to find the vertical gradient of refractivity by the same way as
formerly used for the amplitude data [24]. The variations of
the vertical gradient of refractivity d N, (k)/dh and dN,(h)/dh
(N units/km) found from the FORMOSAT-3/COSMIC RO
phase and amplitude data are compared in Fig. 14 (right panel;
curves 1 and 2, respectively). There is a good correlation
between dN,(h)/dh and dN,(h)/dh up to an altitude of
28 km (Fig. 14, right panel). Typical values of the vertical
gradient variations are about £0.12-0.18 N units/km, and the
typical vertical wavelength is 0.8-2.5 km. Changes in the ver-
tical gradients of the refractivity may be connected with the
GW that propagates through the tropopause areas and, conse-
quently, may correspond to the changes in the horizontal wind
velocity. At the 28- to 40-km altitudes, the amplitude and the
form of wave structure are sharply changed. This indicates the
wave-breaking zone in the 28- to 30-km interval. Note that
an existence of the wave-breaking zone at 28-30 km at polar
latitudes has been predicted earlier in some publications [51].
The amplitude of wave structure that decreased by two to three
times corresponds to an energy dissipation of four to nine
times. The wave-breaking effect and the instantaneous radio im-
age of wave-breaking area are obtained by the FORMOSAT-3/
COSMIC mission during the first time in the RO practice si-
multaneously in the amplitude and phase data. This observation
supported the preliminary conclusion, which was made earlier
in [24], on the possibility of studying the wave-breaking areas
in the atmosphere using the amplitude RO method.

If the observed wave structures are caused by the GW activ-
ity, then the vertical gradients of refractivity can be related with
horizontal wind perturbations by use of the GW polarization
equations [24], [28].

The vertical profiles of the horizontal wind perturbations
evaluated from the variations of the vertical gradient of refrac-
tivity by use of the method described in [28] are demonstrated
in Fig. 15 (left panel). Curves 1 and 2 (Fig. 15, left panel) relate
to the vertical profiles of the horizontal wind perturbations
found from the phase and amplitude data and correspond to



LIOU et al.: FORMOSAT-3/COSMIC GPS RADIO OCCULTATION MISSION: PRELIMINARY RESULTS

3.0 147 FORMOSAT-3
Z 40 - EVENT 0003
E ] 1 1.2 20060422
2 g 104 {17h33m4os LT
g = ] 743N 3332 W
S5 004 L0+
2 1 8 1
5 107 g 0.8
@ -2.0- 4
2 B =3
2 104 2 5 ]
fs ] £ ]
0.0
-3 0.4
SE 1
S5 -1.0 g
S E 1 0.2
5% 2.0 ]
S ]
B0 v T 0.0

L e o o e o BRI B m s e |
10 12 14 16 18 20 22 24 26 28 30 32
height [km]

T T
10 15 20 25 30 35 40
height [km]

Fig. 15. (Left panel) The vertical profiles of the horizontal wind perturbations
found from the phase and amplitude data (curves 1 and 2, respectively). (Right
panel) Sum of the kinetic and potential energy of the wave structure.

the vertical gradient of refractivity shown by curves 1 and 2
in Fig. 14 (right panel). The horizontal wind perturbations are
in the interval £2-3 m/s for both data found from the amplitude
and the phase. The horizontal wind perturbations v can be
recalculated to the kinetic energy of GW F,; by means of the
relation [27]

By, = v%/2 (J/kg). (25)
The potential energy of GW can be found from the relation-
ship [27]

E,=g*(AT)?*/ (2T%w}) =g*(AN)?*/ (2N°wg) (J/kg) (26)

where ¢ is the gravity acceleration (m/s?), wj is the Brunt
Vaisala frequency (1/s), AT and AN are the variations of
temperature and refractivity in the GW, respectively, and T'(h)
and N (h) are the background vertical profiles of temperature
and refractivity, respectively. The energy of GW E is the sum
of the kinetic and potential energies, i.e.,

E = E,(Ey = ¢*/ (2w}) (AN)?/N? +v%/2 (Jkg). (27)

The variations of refractivity AN can be found by integra-
tion from its vertical gradient (curves 1 and 2 in Fig. 15,
right panel). The background vertical profile of the refractivity
is shown in Fig. 8 (left panel). The result of evaluation of
the GW energy is shown in Fig. 15 (right panel). The main
part of the GW energy is concentrated in the 22- to 32-km
altitude interval. Therefore, in this region, there is an active
process of energy and kinetic moment transmission between
different layers in the stratosphere. Note that the introduced
interpretation of the GPS signal oscillations by GWs has been
formerly checked [28] by comparing with the radiosondes mea-
surements. More extensive validation study will be provided in
future publications.

VI. CONCLUSION

The preliminary results of the FORMOSAT-3/COSMIC mis-
sion indicate new directions of application and necessitate the
modernization of the RO method. A perspective direction for
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modernizing the RO method is connected with a new method
of analysis of amplitude and phase variations in the RO sig-
nal. It is shown in this paper that the amplitude and phase
variations of the RO signal contain important information on
the vertical structure of the upper troposphere and the lower
stratosphere. This information is primarily useful for study-
ing quasi-periodical internal waves that propagate through the
tropopause to stratosphere and is capable of characterizing GW
in the 5- to 100-km range. The phase acceleration allows re-
calculating the phase delay to the refraction attenuation, which
is important for the future RO mission aimed to measure the
absorption in the atmosphere that is caused by water vapor and
minor gas constituents. The phase acceleration and amplitude
of the RO signal are important sources of information on
the wave structures and give the radio image of the internal
wave in the atmosphere. The wave-breaking effect and the
instantaneous radio image of wave-breaking area are obtained
by the FORMOSAT-3/COSMIC mission during the first time
in the RO practice. This experimental information is impor-
tant for the atmospheric science for comparing the results of
theoretical modeling with actual atmospheric conditions. The
application of this and other new techniques will generate
extensive information on the internal wave properties in their
propagation region.
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