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GPS radio occultation (RO) technlque 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 for years. A variety of
rre]tri eval sc;lhemes and correction methods are hence devel oped to perform
theretrieval.

Systematic errorsexist and degradetheretrieval accuracy of
atmospheric parameters when the RO technique is implemented. The errors
are caused by many factors, such as large-scale horizontal gradients
[Ahmad and Tyler, 1999], small-scale irregularity, super refraction,
gravity wave [Liou et a. 2002, 2003, 2004; Pavelyev et al., 2003],
multipath [Igarashi et a., 2000], reflected signals from surface [Pavelyev
et a., 2002], oblateness of earth [Syndergaard, 1998], and ionospheric
influence [Syndergaard, 2000, 2002].

To reducetheionospheric influence, ionosphere-free linear combination is
generally used to derive the neutral atmospheric parameters. Here, we
consider only the systematic errors connected with.the ionospheric influence.
A new method (thereafter called NCURO scheme) is developed for the

ionosphere calibration correction. 2 P 'J{&r




1. Wave propagation

1. Propagation delay of radio waves
Total Delay(TD) = ¢nds- G =¢(n- )ds+S- G

G: Length between Tr ans mi
S: Length of Ray path
SG . Geometric del ay

gn- Lds : Path del ay




2. Refractive index n

n::I__|_I,.1Trop_|_r.ll
40.3n
lonosphere: n' = - o

Neutral atmosphere: 10°n™® =N =k, 1T

1. First 2 terms: induced
dipole

2. 3rd term: permanent
dipole moment of PW

Atmosphere

Ly )= zv'v1+|<3Tizzv'v

lonosphere
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http://www.oul u.fi/~spaceweb/textbook/ionosphere.html



ay path of GPS signals received by ground-baseed receivers

Ray path in lonosphere and Troposphere
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lonospheric refractivity

= Refractive index in the ionosphere is given by Appleten formula
(Davies, 1965)

X

n’ =1-

\% \A
1- jZ- Lo L L
AL- X- j2) AL X- j2)°

X =Ng /mew?, Y =eB /mw, Y. =eB, /mw, Z =n/w,

w isthe carrier angle frequency,

N, isthe electron density, n isthe collision frequency,

B, isthe component of the geomagnetic field along the ray direction,

B, isthe component of the geomagnetic field perpendicular the ray direction.



= For the propagation of high-frequency radio waves through the E
and F regions of the ionosphere, Z is usually very small and can
be neglected so that refractive index is given by (Davies, 1965):

1, .1 1, 1o, 1
n=1- =X +=XY|oosq|- = X*- = XY*(1+00s’q) - i=XZ +---
2 2 ost| 8 4 ( 9 2

1-10*+ 107 - 10°- 10 - i10°

X: isproportiond to f “* and afunction of dectron density.
Y: isproportiond tof * and afunction of magnetic fidd .

GPS signals are mainly right-hand circularly polarized, giving
rise to ether ordinary waves (southern geomagnetic
hemisphere) or extraordinary waves (northern geomagnetic
hemisphere) (Syndergaard, 2004).



[11. lonospheric correction

Traditional ionospheric correction:

Lct) & Lc(a) _fe(p)- fe(p)

e]_,Z(p) — f12 _ f22

Syndergaard ionospheric

f2 f2 ff(f+f2)E° Pl

+I

NCURQO ionospheric correction:

Lc(NCU) L, : e _
o (@) :}f f, (L) Gl(a?)z _ 1;22(L2(a) G(@)i,
el 19 . ., v
}EEDG i D. B(Aal Aa'o'\') g
Combination of Lc(t) & Lc(a) 8 flzel(t,a)- fzz 3}%('[, 20 +(1- Q)fzzez(t‘Fa)E
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1. Traditional 10nospheric correction:
Lc(t) & Lc(a)

[ Gor bunov and Kornblueh, 2001]:

flzel( p) ) f22e2( p)

fo- f7

el,z( p) =

where e can be the excess phase delay or the bending angle, p
can be the impact (a) or the time (t), f isthe carrier frequency of
GPS signals, and subscripts 1 and 2 represent L1 and L2 signals,
respectively. Here, the excess phase delays corrected as function

of time and impact parameter are represented by Lc(t) and Lc(a),
respectively.



2.Syndergaard 1onospheric correction: Lc(l™ )

= EXxcess phase delay of GPS signals can be written as (Syndergaard,
2004)

_ R _ R v C K 0
L =gnd ‘Qg +10°N, - FNeiFNeB\oosq\;dli

= Syndergaard(2004) derived the excess phase as

- _ C  K(B 1 C2
L » - fiZi f.30 'EFG

R
S

R R 3
E =ONd,, (B), =E"N.Bostd), 1, = (1+10°N, )d - [Fy - ;]

[ isgeometric delay caused by ionospheric gradient refractivity
and afunction of Ne along the path.



Ray pathsfor L1, L2, and ionosphere-
free LF




Syndergaard (2000) suggested that the fourth term can be
calibrated by using the occultation observation data. The relation
between [T (geometric delay) and observation data is

ol ¢ 9 2ol & dl
G=Dz~—= + —+2C — Dz =
8 da. g 1 2_( ) 8daﬂ da2
| = f2f2(L1-L2)/[C(f?- )], 1/D=1/DG +1/DL,
z =(1- D(da /da)) -1,

J is calculated from double-Chapman model (Syndergaard, 2000).

.2

ol 6, proportional to (DTEC)?,

Thefirs term Dz

gda
dJ . . R
The second term ad— IS proportiona to 0 Nodl,
a

The third term 2C ¢ flz = T(D )Zgilo is proportional to (DTEC)®,
2



3.NCUROQO 1onospheric correction: Lc(NCU)

= Pphase excess between GPS and LEO can be described by
expression (Pavelyev et al, 2004)

L =re-a’+r’- a +aa(a)+(‘5a(a<9da¢

Blue color : Geometric delay, Red color . Path delay
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= The bending angle can be approximated as

21 1 O ara
AA >>Aa({~— + =
eDLo DGoﬂ Do
= The geometric delay iswritten as
G| B S)i
:[DGRi (1/ 2)(Aaei)2 - rOi (1/3)(Aae')3 +]

HDr @/ 2)(aa,; )2 - I (U 3)(aa; )3 +--

= The higher order (>2) terms of bending angle are ignored

2391 Dlo 53()(;[) Dl?

G| Li 9 Li @
The bending angle causd by electron dendty gradient is proportiond to f
(Vorob'ev and Krasl'nikova, 1994), so the geometric delay caused by
ionosphere would be proportiond to f | if the bending angle

G- S5 = 05(Aa)

- icvvenn’ amnAal othenanaeea it wor ild bhe nronortional tn( A f -2



= Theresult can also be proved from

G = (‘5 a (a9dat= cjdn/ ndx)\/ x> - a’dx

=In(n)v/x? - a2 - gn(n) \/ dx
X - a

= Wherenisequal to 1 for GPS and LEO position. The refractivity
Index N =1 + Nion+neu, If Nion+neu ISVEry small compared to 1, In(n)
~ Nion+neu @nd X ~ r s0 the EQ.(15) could be rewritten as

Gon =0 ———ar =O\ds,



4. Combination of Lc(t) & Lc(a)

fe (t,a)- f, goe,(t,ad +(1- g)f,e,(tha)y

f2- 7

61’2('[, a) =

L2(t>.a5) ray path
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V. Results and Comparisons

GPSM.1995.170.17.57.G05 (LT:12.57)
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The refractivity calculated from
IR12001 and NRLMSIS-00

GPSM.1995.170.17.57.G05
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Electron density, #(1.e5)/cm”3 Neutral refractivity, N=exp(x)

Electron density distribution from the IRI2001 model
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Figure shows the effectiveness of ionospheric corrections by various delay components.
We begin with model simulations. Four delay components are considered and caused by
neutral atmosphere along ray path (DN); electron density along ray path (DX, a
contribution from the second term of the equation (3)); the third term of equation (3)

(DYL); and bending effect of ray path (DG).
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EXcess phase delays from five
lonospheric calibration methods
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Excess phase (m)
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Excess phase (m)
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V. Conclusions

Simulation is performed to study the ionospheric
correction. We show that the correction with the same
Impact performs better than that with the same signal
received time. Nevertheless, the geometric delay caused
by ionosphere at some altitudes cannot be corrected
appropriately by the traditional ionosphere-free
combination.

It Is shown that ray path delay and geometric delay can
be corrected separately. The eguations 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
RT smulations and experimental data comparisons.
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