Ionospheric Correction for retrieving atmospheric variables from GPS occultation data
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Abstract

[1] There are systematical errors associated with ionospheric
influence in retrieving key atmospheric parameters from radio
occultation (RO) soundings. In order to obtain better-quality
retrievals, we develop a new method, hereafter called National
Central University' Radio Occultation (NCURO) scheme, to
reduce the ionospheric influence. The excess phase is divided
into two parts, namely geometric excess length and path excess
length (excess length along ray path due to refractivity effect).
An excess phase equation is presented and implemented in the
NCURO scheme whose performance is evaluated through
comparisons with model simulation and experimental data. The
mode] simulation is based on the use of the ionospheric model
IRI2001 and atmospheric model NRLMSISE-00. Results show
that the NCURO scheme significantly reduces the ionospheric
influence at altitudes above 70 km as does the scheme
presented in the literature, and provides better corrections for
the atmospheric profile. INDEX TERMS: 2400 Ionosphere:
Ionosphere; 6964 Radio Science: Radio wave propagation;
6969 Radio Science: Remote sensing.

1. Introduction

{2} Since 1995, the GPS radio occultation (RO) technique
has been used for retrieving Earth’s profiles of refractivity,
temperature, pressure and water vapor in the neutral
atmosphere and electron density in the ionosphere [Liou et al.,
2005]. A variety of retrieval schemes and correction methods
are hence developed to perform the retrieval.

[3] However, systematic errors exist and degrade the
retrieval accuracy of atmospheric parameters when the RO
technique is implemented. The errors are caused by many
factors, such as large-scale horizontal gradients [4hmad and
Tyler, 1999], small-scale irregularity, super refraction
{Sokolovskiy, 2003], gravity wave [Liou et al. 2002, 2003,
2004; Pavelyev et al., 2003], multipath [Igarashi et al., 2000;
Ao et al., 2003], reflected signals from surface [Pavelyev et al.,
2002], oblateness of earth [Syndergaard, 1998], and
ionospheric influence [Syndergaard, 2000, 2002].

[4] To reduce the ionospheric influence, ionosphere-free
linear combination is generally used to derive the neutral
atmospheric parameters. Four ionospheric correction methods
were discussed by Gorbunov [2002]: 1) the linear combination
of the excess phase at the same sample time, 2) the linear
combination of the phase modulations at the common ray
* perigee height, 3) the linear combination of the phase of the
Doppler shifts at the same sample time, 4) the linear
combination of the refraction angles at the common impact
parameter. The linear combination of refraction angle takes the
following form [Vorob’ev and Krasil’nikova, 1994]

81,2(P) = f; £ (;3:?252(P) , (1)
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where ¢ is the bending angle and p is the impact parameter, f is
the carrier frequency of GPS signals, and subscripts 1 and 2
represent L1 and L2 signals, respectively. In this study, the two
rules of linear combinations of phase paths (¢) at the same time
(p=t) and the linear combinations of phase paths at the same
impact parameter (p=a) were compared with Syndergaard’s
and our new ionospheric correction methods. The same
processes for bending angles were also carried out. Here, the
excess phases corrected as function of time and impact
parameter are represented by Lc(¢) and Le(a), respectively.

[5] In this paper, we consider only the systematic errors
connected with the ionospheric influence. A new method
(thereafter called NCURO scheme) is developed for the
ionosphere correction. Its performance is compared with that of
the method proposed by Syndergaard [2000, 2002]. The
NCURO method consists in presentation of excess phases at
two GPS frequencies as a sum of geometric delay and path
delay. The equations describing the L1 or L2 signal delays are
modified. Ray-tracing is used to quantify the geometric delay
and path delay in simulations.

2. NCURO Algorithm Derivation

Figure 1.. Illustration of ray path separation and pictorial
definition of some parameters. Dash lines LEO-Q,-GPS and
LEO-Q,-GPS can be approximated by geometric delays of
L1 and L2 signals for ionospheric delay calibration.

[6] We derive a method to correct the phase path of the
bending effect caused by electron density gradient. The phase
path between GPS and LEO can be described by [Pavelyev et
al., 2004]

L=\/r(§ -a +\/rL2 -a’ +aa(a)+Jma(a')da', @
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where rg and r, are the distances from earth center to GPS and
LEO, respectively, and a is the bending angle between the two
ray directions transmitted from GPS and received by LEO. The
sum of the first three terms is considered as the geometric
delay, and the fourth term as the path delay. The first term is
the length from GPS to point Ty, the second term is the length
from LEO to point Tg, and the third term is the arc length of
circle. The radius of the circle is equal to impact parameter.
The radian of arc is equal to the bending angle. The geometric
delay defined by equation (2) is suitable to describe: the
geometric length of the ray path when the bending angle is not
very big and the refractivity at the perigee point of the ray path
is weak. '

[7] If the refractive index (n = 1+10°N) approximates to
1, In(#) ~ N and »r ~ r, the path delay of the fourth term in
equation (2) can be rewritten as

2dn

j: ofd)dd = j“’ n—d(—m—),/(m)Z—aZd(nr) |

M |
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where # is equal to 1 at GPS and LEO positions. The s, is the
length between GPS and LEO in vacuum. The path delay is
proportional to f 2 when the bending angle caused by
ionosphere is proportional to f 2.

[8] The geometric length minus straight line (S,) between
GPS and LEO can be described as

G-,

=(Rscos@; +A0g) + R, cos@, + A, ) , (4)
+R;sin@; + Ao )Aog; + R, sin@, + Aoy YAa, —(Dy+ D)
=[0.5D;,(Acy; )} —(1/3)r; (Ao +-]

+[0.5D4(80, f -(1/3)r (8, F +--]

where Dy is the distance from LEO to point R, Dgy is the
distance from GPS to point R in Figure 1, 50, is the bending
angle between the signal vector received by LEO and the
vector from GPS to LEO, ,o is the bending angle between
signal vector transmitted from GPS and the vector from GPS to
LEO, and r, is the distance from Earth center to the tangent
point(R) of the ray path in vacuum. If the higher order (>2)
terms are ignored, the geometric delay approximates to the sum
of lengths of two lines, from GPS to point Q and from point Q
to LEO, when the cube of bending angle is much smaller than
the square of bending angle. The differential impact parameter
aa will be approximately equal to D gxa0y or D;g*a0g and
also equal to (a-ry). -

[9] The bending angles are contributed by two factors
associated with refractivity gradients in the neutral atmosphere
(NEU) and ionosphere (ION). If the bending angle due to
higher order terms is ignored, equation (4) becomes

G—8§ =050, (a)f'w + 200 oy + aIZON) > )

“where 1/Dg = 1/Dgg +1/Dyz. The bending angle caused by the
electron density gradient is proportional to /> [Vorob’ev and
Krasil'nikova, 1994]. Hence, the third term (a%oy) of equation
(5) due to ionospheric effect is proportional to £ ™, and the
second term (2onpy X o4on) is proportional to f ~2, The third
term becomes dominant geometric delay as bending angle

(oney) is relatively small compared with bending angle (o).
Therefore, the geometric delay is proportional to .

Corrected ionospheric delay

[10] The formula for ionospheric delay correction suggested
by Syndergaard [2000] is

K<ﬁ’>o
LUK+ 1)

+1 ZCZF’ (6)
0L

Zc(a) =57+ Yo

where y, = [N,ds, is the total electron content (TEC) along the
LF ray path, <B|>, =y, N.Bds, is the weighted mean value
of the geomagnetic field along the LF ray path, s, = [ nds, is the
integrated length along the LF ray path, I is a function of N,
along the path, and the LF means the ionospheric free ray path.
The detail about this ionospheric correction method is referred
to [Syndergaard, 2000, 2002}

[11] According to equations (3) and (5), the delay caused
by ionosphere can be separated into two parts: path delay and
geometric delay. The two kinds of ionosphere delays may be
corrected separately. The path delay is proportional to £ so
that it can be corrected by

Lc,,cm(a)={f' (’4(‘""_G'(‘?B:?z(lq(a)—cz(a))}
I 2
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where saion = (a@1-a2)/(1£%/ £3), ai = ar- 1. The path delay
and geometric delay of equations (7) are calculated as function
of the impact parameter.

)

4. Results

4.1 Simulation performance

[12] To assess the effectiveness of ionospheric corrections
on various delay components, we begin with model
simulations. Background refractivity is obtained using the
ionospheric model IRI2001 and atmospheric model NRLMISI-
00 by ray tracing method. The ionospheric refractive index is
given by [Bassiri and Hajj, 1993]:

n=l—l/\’i—l-XY|cose|—lX2 —lXY2(1+cosZO)—---, ®
2 2 8 4

where 8 is the angle between the magnetic field and ray
direction, X = N.e’/megw’, Y = eB/mw, w is the carrier angular
frequency, e is elementary charge, m is the mass of electron, ¢,
is the free space permittivity, and N, is the electron density.
The four refractivity indices were integrated along ray path
separately; DN=10"[ Nds is the neutral atmosphere delay along
the ray path, DX=-1/2] Xds is the electron density delay along
ray path, DYL=¢1/2f XVcosf|ds is the magnetic delay
contributed from the magnetic field parallel to the ray path, and
DG is the geometric delay caused by the bending effect of ray
path.

[13] Figure 2 shows (a) phase residuals and (b) bending
angle caused by the four components of interest by using the
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ionosphere-free combination, and (c) percentage of the bending
angle perpendicular versus parallel to the occultation plane.
The 3-D ray tracing technique is implemented. The occultation
plane is defined by GPS and LEO positions and radial vector of
the occultation point. The bending angle between transmitted
signal vector parallel to occultation plane and received signal
vector parallel to occultation plane is defined as parallel
bending angle, whose orthogonal component is defined as
perpendicular bending angle. The perpendicular bending angle
is due to refractivity gradient perpendicular to the occultation
plane.

[14] It is observed that the phase residual and bending
angle can be corrected better with the same impact parameter
than the same received time by comparing the DX(a) and
DX(?) curves in Figure 2. This is because the perigee points of
L1 and L2 ray paths are much closer for the former case. In
addition, the main error source due to geometric delay comes
from ionosphere at altitudes near 100 Km. From the DYL
curve, the bending angle due to magnetic field can be ignored
compared to the other elements. Furthermore, it is seen that the
contribution from the perpendicular part cannot be ignored at
altitude above 100 km.

- [15] Note that there is an obvious difference in phase
residual and bending angle between- the two calibration
methods only for the DX component. Hence, we plot results of
phase residuals and bending angles with same impact height
only for the DX case, but not for the other cases.

[16] Of the four delay components, DX and portion of DG
(due to neutral atmospheric effect) contain information of ray
bending. That is, the other terms are simply to cause errors to
the retrievals when the RO technique is implemented. Since
their magnitudes are large enough to significantly degrade the
retrievals at altitudes above 40 km, correction to their impact
parameters must be implemented. Results from various
correction methods are presented below.
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Figure 2. (a) Phase residuals and (b) bending angle from the |

ionosphere-free combination, and (c) percentage of the bending
angle perpendicular versus parallel to the occultation plane.

4.2 Real Data Performance

[17] Results of implementing four ionospheric delay
correction methods are shown in Figure 3. The four methods
are: traditional ionosphere-free combination corrected with
same sample time (Lc(t)) and with same impact height (Lc(a));
the use of equation (6) proposed by Syndergaard [2000]
(Lc(I)); and the use of equation (7) proposed by the NCURO
scheme (Lc(NCU)). Results from each method are plotted by

two curves — solid and dash curves. The solid curves are
retrieved from the observation data while the dash curves are
recovered from simulations (by the ray-tracing method). The
dash curves are shifted downward by 0.02 m for easy
comparison and lower paired curves are shifted downward by
0.1 m in sequence for comparison. The impact parameters must
be calculated before the ionospheric-free combinations were
processed for Lc(a), the fourth term (I') of equation (6) and the
NCURO scheme. The impact parameters of two frequencies
were calculated separately at their own sample time. Because
the ionospheric corrected excess phase is calculated at equal
impact parameter, the L2 excess is interpolated to the L1
impact parameter. When the impact parameters were
calculated, the smooth scheme is used, while no smooth
scheme is performed during ionospheric-free combination
processes.

[18] It is observed that Lc(t) and Le(a) solid curves exhibit a
clear ridge and a trough, respectively, around 93 km. The ridge
and trough may be due to E layer’s refractivity gradient. They
are not seen for the other two curves, and indicate that both the
Syndergaard method and the NCURO scheme perform well to
correct ionosphere influence. The fluctuations of the curves
around 115 Km are due to the ambiguity cycle slip. It is still a
challenging task to resolve these fluctuations, and not further
discussed in this paper.
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Figure 3. Excess phase from four ionospheric calibration
methods. Solid curves are retrieved from occultation
observation data, and dash curves from simulation. Lower
paired curves are shifted downward by 0.1 m in sequence for
comparison.

[19] Figure 4 shows results from the other one occultation
event. There is one region with strong fluctuations around
100~80 Km for the top two curves. The strong fluctuations are
caused by ionospheric activities when the rays propagate
through the ionosphere. They will degrade the accuracy of
retrievals and, hence, must be removed. It is clearly seen that
these fluctuations are removed when the NCURO scheme is
used as seen on the fourth curve. When the Syndergaard
method is applied as seen on the third curve, the larger scale
fluctuations are almost removed, but not the small scale
fluctuations. The random noise of Lc(a) and NCURO scheme is
slightly increased as compared to the Lc(t) and Le(I), it might
be due to the interpolation process of impact parameters of two
frequencies. The distance of ray path perigees of L1 and L2 are
closer at the same impact parameter than that at same sample
time. From the comparisons of equations (6) and (7) and the
results of Figure 4 and Figure S, we suggest the space coherent
fluctuation can be removed by the NCURO scheme, while the
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time coherent fluctuation can be removed by the Syndergaard
method.
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Figure 4. Excess phaées from four ionospheric correction
methods. The lower curves are shifted downward by 0.1 m in
sequence for comparison.

5. Conclusions

[21] Simulation is performed to study the ionospheric
correction using the traditional ionosphere-free combination for
retrieving atmospheric parameters. We show that the correction
with the same impact parameter performs better than that with
the same sample time. Nevertheless, the geometric delay
caused by ionosphere at some altitudes associated with
ionospheric activities cannot be corrected appropriately by the
Lc(a) and Lc(t) ionosphere-free combination.

In addition, it is shown that ray path delay and geometric
delay can be corrected separately. The equations to
characterize the delays are derived and implemented in the
presented NCURO approach. The performance of the NCURO
scheme appears to be superior to the ionospheric correction
methods in the literature by use of theoretical ray tracing
simulations and experimental data comparisons. Specifically,
two experimental data sets are utilized. It shall be of great
interest to further verify the developed scheme by using more
experimental sets. In near future, the developed scheme will be
implemented for the FORMOSAT3/COSMIC mission
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