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A modiﬁed ionospheric correction method and the corresponding approximate algorithm for spaceborne
single-frequency Global Positioning System (GPS) users are proposed in this study. Single Layer Model
(SLM) mapping function for spaceborne GPS was analyzed. SLM mapping functions at diﬀerent altitudes were calculated. Ionospheric Pierce Point (IPP) trajectories of the dlft station (an IGS station
located at the longitude of 4◦ 23 15.22 E and the latitude of 51◦ 59 9.63 N, in the TU Delft University,
The Netherlands) and the GRACE satellite were computed with the corresponding single layer height
of 350 and 500 km, respectively. The Klobuchar model was used to compute ionospheric delays for
the dlft station, and modiﬁed Klobuchar model, together with scale factors, was used to compute the
fractional ionospheric corrections above the GRACE altitudes. Calculation results were validated using
dual-frequency observations. The study shows that the single layer height needs to be changed from 350
to 500 km according to the altitude of GRACE. Approximate forms of Earth angle and slant factor
developed for modiﬁed Klobuchar model are applicable to GRACE, with accuracy adequate to preserve
the essential elements required to compute ionospheric delays. Results show that the Klobuchar model
is eﬀective for ground GPS, and the modiﬁed Klobuchar model corrects more than 80% on average of
the ionospheric delays for spaceborne single-frequency GPS.

1. Introduction
Since the ﬁrst eﬀort on using spaceborne GPS
(Yunck et al. 1994), more and more spacecrafts are
equipped with Global Positioning System (GPS)
receivers, providing a well-accepted method for
spacecraft navigation. Gravity Recovery and Climate Experiment (GRACE) is a typical low earth
orbit (LEO) satellite system with GPS receiver
onboard.
Ionospheric delay is the major error source
aﬀecting positioning precision and accuracy for
GPS users, especially for single-frequency users.

Thus, users must ﬁnd ways to eliminate the
eﬀects. Generally, dual-frequency users can form
the ionosphere-free combinations to eliminate ionospheric delays eﬀectively (Kroes 2006; Xu 2007).
Single-frequency users should make use of ionospheric models to eliminate ionospheric delays.
Many ionospheric models have been developed,
including empirical models, physics-based models,
etc. The Bent model (Bent et al. 1972a, b) and
International Reference Ionosphere (IRI) model
(Rawer et al. 1978; Bilitza 1986, 2001; Bilitza and
Reinisch 2008; Bilitza et al. 2011) are empirical
models, which have been derived based on years
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and years of ionospheric measurements across the
world, and can be used to estimate ionospheric density proﬁles at any place and time. The Parameterized Ionospheric Model (PIM) (Daniell et al. 1995)
is a global ionospheric model based on theoretical
climatology in the form of diurnally reproducible
runs of a set of physics based, numerical ionospheric models. Sheﬃeld University Plasmasphere
Ionosphere Model (SuPIM) and SAMI are physics
based models, too. These physical models are more
useful than empirical models for users who have
the need to simulate the performance of an operational system under representative conditions. In
addition, the Klobuchar model (Klobuchar 1975,
1986, 1987; Li et al. 2009; Angrisano et al. 2011) is
algorithm based and the GIM model (Schaer et al.
1998; Schaer 1999) is data based. The Klobuchar
model was originally developed to estimate the
ionospheric range delay for single-frequency GPS
users, using only eight coeﬃcients to represent the
global ionosphere. These coeﬃcients were derived
from the Bent model as functions of time of year
and solar activity. This model performs well with
calculation simplicity and a root mean square
(RMS) error of about 50%.
However, all these models were developed for
ground GPS originally and cannot be used for
spaceborne GPS directly (Zhao 2003). One prerequisite for the above ionospheric models is the mapping function through which Slant Total Electronic
Content (STEC) values are converted to Vertical
Total Electronic Content (VTEC) values. The SLM
mapping function is widely used because of its
simplicity (Komjathy and Langley 1996; Mannucci
et al. 1998; Schaer 1999; Orús et al. 2002; Wen
et al. 2010). All ground stations are below the single layer at an altitude of 350 km (Klobuchar 1987)
or 450 km (IGS 2006), while GRACE satellites are
above it with an altitude of about 500 km at launch
time that decreases as time goes by. Thus, single layer altitude needs to be adjusted to a higher
position (Montenbruck and Gill 2002; Zhao 2003).
Single-frequency receivers are simple and low
cost, and can be equipped on spacecrafts especially
on formation ﬂying satellites (i.e., multiple satellites working together in a group to accomplish
the objective of one larger, usually more expensive, satellite), which generally require centimetrelevel accuracy of relative positioning to achieve
the scientiﬁc goals. Spacecraft equipped with
single-frequency GPS receiver, will have to use
ionospheric models to mitigate ionosphere delays. However, with only one frequency, the
eﬃciency of the ionospheric model cannot be
validated. GRACE satellites are equipped with
dual-frequency GPS receivers; therefore, the ionospheric model for a single-frequency receiver
can be validated by dual-frequency observations.

Furthermore, some users use double diﬀerence
(DD) combinations of L1 instead of ionospherefree combinations in order to preserve the integer nature of DD cycle ambiguities (Tancredi
et al. 2011). Previous studies show that ﬁltering
double diﬀerence (DD) carrier-phase observables
with ﬁxed ambiguities allow determining the satellite relative position with high accuracy (Ebinuma
et al. 2003; Leung and Montenbruck 2005). Ionospheric delays are almost eliminated by DD operation for suﬃciently short baselines, because of
the strong correlation. However, only part of the
ionospheric delays can be eliminated by DD operation for medium and long baselines, and residuals can be as much as several carrier wavelengths
(Tancredi et al. 2011). Thus, suitable ionospheric
delay models are useful for both single-frequency
and dual-frequency users. For real-time navigation,
these models have to be as simple as possible,
while being capable of describing the ionospheric
delay with accuracy adequate to ﬁx the DD integer
ambiguities (Tancredi et al. 2011).
After years of observation and veriﬁcation, the
Klobuchar model is widely regarded as a convenient, practical, and reliable method of calculating the ionospheric corrections for single-frequency
ground GPS users. Many further studies have been
conducted on the Klobuchar model to improve the
correction accuracy (Yuan et al. 2008; Li et al.
2009; Angrisano et al. 2011), and some study has
been done to adapt the Klobuchar model for spaceborne users. Zhao et al. (2003) studied the ionospheric error simulation for both ground and space
users using the Klobuchar model according to the
ionospheric eﬀects on the users at diﬀerent altitudes. However, the ionospheric error simulation
method need the electron density data at diﬀerent heights, which are not easy to be obtained.
Montenbruck and Gill (2002) studied an ionospheric correction technique for GPS tracking of
LEO satellites, and assessed it by comparing with
ﬂight data from the Champ satellite that orbits the
Earth at an altitude of 450 km. However, further
studies need to be done on the Klobuchar model
for GPS onboard GRACE.
SLM mapping functions for single-frequency
GPS users are introduced in this paper, including
the selection of a single layer height and calculation
of IPP trajectories for both ground and spaceborne
GPS users. The Klobuchar model for ground users
is introduced, and the modiﬁed Klobuchar model
for spaceborne users is analyzed. New approximate forms of Earth angle and slant factor are
proposed for spaceborne users. Ionospheric delays
for GRACE are calculated using the modiﬁed
Klobuchar model and scale factors. Eﬀectiveness of
the modiﬁed Klobuchar model is validated using
dual-frequency observations.

Ionospheric correction for spaceborne single-frequency GPS
2. SLM mapping function
2.1 SLM mapping function for ground users
The concept of the ionospheric single layer model
(SLM) is usually used in ionosphere research, i.e.,
the assumption that all the free electrons are concentrated in a shell of inﬁnitesimal thickness. The
line of sight between the receiver and the satellite
intersects with the thin layer at the ionospheric
pierce point (IPP), and the corresponding projection on the Earth is called sub-ionospheric point
(ﬁgure 1). Ionospheric delay on the propagation
path of the satellite and receiver is converted to the
vertical direction of the IPP by means of the mapping function. The mapping function is deﬁned as
the ratio of propagation path ionospheric delay to
the vertical ionospheric delay of IPP.
MF = STEC/VTEC

(1)

where STEC is the propagation path ionospheric
delay and VTEC is the vertical ionospheric delay
of IPP.
A number of mapping functions are developed
based on the single layer model, among which the
trigonometric function is the simplest and most
widely used. The SLM mapping function FI may
also be written as (Dach et al. 2007):
FI (z) =

E
1
=
Ev
cos z 

sin z  =

R
sin z
R+H

with
(2)

where E and Ev are the line-of-sight TEC values
and vertical TEC values, respectively; z and z  are
the zenith angles at the height of the station and
the single layer, respectively; R is the mean radius
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of the Earth (considered to be a sphere); H is the
height of the single layer above the Earth.
With the help of ﬁgure 1, it can be easily veriﬁed that the Earth-centred angle equals z −z  .
The height of the SLM is supposed to be the height
of maximum electron density, i.e., 350 km. Moreover, the electron density is assumed to be a function of geographic or geomagnetic latitude and
sun-ﬁxed longitude. The modiﬁed SLM (MSLM)
mapping function includes an additional constant,
α (Schaer 1999):
FI (z) =

E
1
=
Ev
cos z 

with
R
sin(αz).
(3)
R+H
The SLM and MSLM mapping functions vary with
the single layer height. Positions of IPPs for ground
users can be computed using SLM or MSLM. For
example, the IPPs of dlft station were calculated
as shown in ﬁgure 2:
sin z  =

2.2 SLM mapping function for spaceborne users
The height of the F2 layer is about 200–600 km. In
the original Klobuchar model, the height of the single layer is supposed to be 350 km, which is suitable
for ground users. However, the altitudes of many
spacecrafts such as GRACE are generally higher
than 350 km. Therefore, the 350 km altitude is no
longer suitable for spaceborne GPS, and a higher
single layer altitude needs to be chosen, as shown
in ﬁgure 3.
We computed mapping function (ﬁgure 4a) and
modiﬁed mapping function at heights of 250, 350,
450 or 500 km, and calculated diﬀerences between
the modiﬁed and original mapping function at
diﬀerent heights (ﬁgure 4b).
As shown in ﬁgure 4(a), the mapping function
values are dependent on the elevation angles. The
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Figure 1. Single layer model for ground users.

Figure 2. IPP trajectories for dlft station on 1 September
2010.

770

Xia Yang et al.
GPS, S
γ

IPP, I

EA

Receiver, A

G

EI

EG

ψG
O

ψI
ψA

The bottom of
Ionosphere

Figure 3. Single layer model for spaceborne users.

Figure 4. Mapping function at diﬀerent single layer height
(top panel) and diﬀerence between MSLM and SLM mapping function (MSLM mapping function minus SLM mapping function) (bottom panel).

maximum value of the mapping function varies
from 3.67 to 2.67, corresponding to the single layer
height from 250 to 500 km. The minimum value
of the mapping function is 1.0. The diﬀerence
between mapping functions at diﬀerent altitudes
varies signiﬁcantly below 30◦ and not much above

30◦ elevation. Thus, ionospheric corrections will
diﬀer greatly for GPS satellites below 30◦ if diﬀerent single layer heights are used. Further calculations show that the diﬀerence of mapping functions
at 30◦ elevation can be up to 0.13. That means
a 0.13 m variation of path ionospheric delay corresponding to 1 m of vertical ionospheric delay,
cannot be ignored. This variation will be as large
as 0.68 m at 10◦ elevation. Moreover, modiﬁed
mapping function is less than mapping function
(ﬁgure 4b) because of the coeﬃcient α. The diﬀerence between modiﬁed mapping function and mapping function varies signiﬁcantly below 30◦ . Similarly, there is a 0.12 m variation of path ionospheric
delay corresponding to 1 m of vertical ionospheric
delay at 30◦ elevation. Generally, the inﬂuence of
single layer height on ionospheric corrections will
be relatively high for low GPS satellites. This can
be resolved by choosing a high elevation cut-oﬀ
angle for ground users, since the observed GPS
satellites are enough. However, the observed GPS
satellites are not so much for spaceborne users compared to ground users, and the cut-oﬀ angle should
not be chosen as great as 30◦ . Moreover, for doublediﬀerence applications, the mutual observed GPS
satellites are fewer. Thus, the single layer height
needs to be chosen carefully for spaceborne users.
As mentioned before, altitudes of many spacecrafts are higher than 350 km, thus a height of
350 km is meaningless for the spacecraft users.
We now consider GRACE as an example. GRACE
satellites were injected into a 500 km altitude, near
circular polar orbit on 17 March 2002. Since then,
the satellite orbit and its ground-track have been
allowed to drift naturally. The mean semi-major
axis for GRACE-B is shown in ﬁgure 5 (GRACE
Orbital Conﬁguration 2010).
As shown in ﬁgure 5, the highest altitude of
GRACE is about 500 km above the Earth, whose
mean radius is 6371 km. The mean semi-major axis
for GRACE B has changed from about 500–450 km
from 2002 to 2012, and will be lower as time goes
by. The datasets are chosen on day 244 of 2010,
and the mean altitude is about 470 km (changing
periodically from 457 to 484 km during this day).
The single layer should not be below the receiver
altitude. Moreover, it should be as close as possible to the height of maximum electron density,
i.e., 350 km. Thus, we choose 500 km as the height
of the single layer when dealing with ionospheric
delays for GRACE, as the altitude of GRACE is no
more than 500 km. Positions of IPPs for onboard
GPS users can be calculated using the MSLM. For
example, the IPPs of GRACE B were calculated as
shown in ﬁgure 6. The IPPs of GRACE is not similar to the IPPs of ground station, since the position of GRACE is changing all the time. Thus, the
IPPs are dependent on the trajectory of GRACE.

Ionospheric correction for spaceborne single-frequency GPS
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Figure 5. Semimajor axis of GRACE B.

Figure 6. IPP trajectories for GRACE B on 1 September
2010.

3. Ionospheric correction for
spaceborne users
3.1 Ionospheric eﬀects on GPS signals
Ignoring the higher-order ionospheric eﬀects, the
ionospheric delays on code (from GPS satellite to
receiver) can be expressed as a linear function of
the total electron content (TEC) (Klobuchar 1996):
IAS =

40.3
× TECSA
2
f

(4)

where f is the carrier frequency in Hz. Magnitude
of ionospheric delays on carrier phase is the same
as on code, while the sign is opposite. The TEC is
usually replaced by a function of VTEC and slant
factor. Slant factor is the ratio of the TEC to the
VTEC (Klobuchar 1987):
IAS =

40.3
× VTECA
f 2 × sin EI

(5)

where EI denotes the elevation at the IPP; VTECA
can be expressed as:


hS

VTECA =

ne dh
hA

(6)

where hA denotes the altitude of the receiver; hS
denotes the altitude of the satellite; ne stands for
the electron density.
As described in section 2, the altitudes of spacecrafts are generally higher than the bottom of the
ionosphere (ﬁgure 3), and not the entire ionosphere
aﬀects the signal. A modiﬁed model is proposed as
(Zhao et al. 2003):
 hA
40.3
S
S
IA = IG − 2
×
ne dh
f · sin EI
hb
  hS

 hA
40.3
×
ne dh −
ne dh
=
f 2 · sin EI
hb
hb
(7)
where IGS denotes the ionospheric delay at point G
which is illustrated in ﬁgure 3 and hb is the altitude
of the ionosphere bottom.
Ionospheric delays can be calculated using equation (7) if users obtain the exact electron density
from the ionosphere bottom to the spacecraft altitude, which is hard to obtain. Thus, application of
equation (7) needs to be further studied.
Montenbruck and Gill (2002) computed the path
delay caused by the fractional total electron content (TEC) above the receiver altitude by using the
global TEC maps of the International GPS Service
network and an altitude dependent scale factor.
The scale factor can be predicted from the assumption of a Chapman proﬁle for the altitude variation
of the electron density or adjusted as a free parameter in the processing of an extended set of single
frequency measurements. The formula of the scale
factor can be expressed as follows:
α=

TECIP
e − exp[1 − exp(−zIP )]
=
TEC0
e − exp[1 − exp(h0 /H)]

(8)

where TECIP is the total electron content of the
ionosphere above IPP altitude, TEC0 is the total
electron content above ground, h0 is the inﬂection
point height of a Chapman proﬁle, H is the scale
height, e > 2.71828 and zIP = (hIP − h0 )/H.
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3.2 Klobuchar model for ground users

In the Klobuchar model, VTEC value is calculated
according to the latitude and longitude information at a speciﬁed point. Ionospheric delay during
the night is considered as a constant, and ionospheric delay during the daytime is simulated using
the positive part of the cosine function (Klobuchar
1975). Parameters are set to consider changes in
the amplitude and period, reﬂecting the basic
large-scale change of the ionosphere.
The ionospheric time delay can be calculated as
follows (Klobuchar 1987):



3
2
4

x
x
TIONO = F× 5 × 10−9 +
αn Φnm × 1− +
2 24
n=0
(9)
where
2π(t − 50400)
;
x = 3
n
n=0 βn Φm
F stands for the slant factor; Φm stands for the
geomagnetic latitude of IPP (unit: π); αn and βn
are transmitted as part of the satellite message; t
is local time of the IPP.
The users on the ground surface can utilize
Klobuchar model with corresponding parameters
broadcast in GPS navigation message to correct ionospheric delays directly. Some approximate
forms are used in order to simplify the calculation
process (Klobuchar 1987). We used these approximate equations to calculate the ionospheric delays
for dlft station on 1 September 2010 (ﬁgure 7),
while the selected visible satellites were used to
form double diﬀerence (DD) observations with
another station. Eight coeﬃcients broadcast by

GPS in the navigation message on 1 September
2010 were used in this paper. The eight coeﬃcients
are as follows:
α0
α2
β0
β2

=
=
=
=

0.6519 × 10−8 ,
–0.5960 ×10−7 ,
0.7782 × 105 ,
–0.6554 × 105 ,

α1 = 0.1490 × 10−7 ,
α3 = –0.1192 × 10−6 ,
β1 = 0.3277 × 105 ,
β3 = –0.1966 × 106 .

As shown in ﬁgure 7, ionospheric delays on L1 frequency are several metres, which aﬀect the relative
navigation results. Ionospheric delays are larger
at noon for the ground station due to the higher
insulation.
Furthermore, CODE also provides coeﬃcients of
Klobuchar model as follows:
α0
α2
β0
β2

=
=
=
=

1.1277 × 10−8 ,
−3.1632× 10−7 ,
1.1525 × 105 ,
−8.1250 × 105 ,

α1 = 1.2645 × 10−8 ,
α3 = 5.0342 × 10−7 ,
β1 = −1.7174 × 104 ,
β3 = 3.9824 × 106 .

Ionospheric delays using these coeﬃcients are
not exactly the same as those obtained using the
coeﬃcients originally broadcast by the GPS for
the single-frequency users. Users should choose
products from the same organization to reduce
errors.
3.3 Ionospheric corrections using
dual-frequency observations
The Klobuchar model needs to be assessed, especially for spaceborne GPS. Thus, another method
should be found to calculate the ionospheric delay.
Since both the IGS station and the GRACE
satellites are equipped with dual-frequency GPS

Figure 7. L1 ionospheric delays using Klobuchar model for dlft station on 1 September 2010.
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receivers, it is reasonable to use double frequency
observations to validate the Klobuchar model.
GPS pseudorange observation equation can be
written as:
j
Pi,1

=

ρji

+ c dt −
j

+Bi,1 + B1j
j
Pi,2
= ρji + c dtj −

+Bi,2 + B2j

j
j
dTi + djorb + Ii,1
+ Ti,1
j
+ Mi,1
+ εji,P1
j
j
dTi + djorb + γIi,1
+ Ti,2
j
+ Mi,2
+ εji,P2
(10)

where i stands for receiver; j stands for GPS
j
j
satellite; Pi,1
and Pi,2
are pseudorange observaj
tions, respectively; ρi is geometric distance from
the satellite to the receiver; c is the speed of light;
dtj is the clock error of satellite j ; dTi is the clock
error of receiver i ; djorb is the satellite orbit error;
2
j
is the ionospheric delay on L1; γ = (f1 /f2 )
Ii,1
j
is the conversion factor related to frequency; Ti,1
j
and Ti,2 are the tropospheric delays on P1 and P2,
respectively; Bi,1 and Bi,2 are the receiver code
bias of P1 and P2, respectively; B1j and B2j are the
j
satellite code bias of P1 and P2, respectively; Mi,1
j
and Mi,2
are the multi-path eﬀects on P1 and P2,
respectively; εji,P1 and εji,P2 are observation noises
of P1 and P2, respectively.
Diﬀerencing the two formulae we get the following formula:
P1 − P2 = (1 − γ) I1 + (Bi,1 − Bi,2 ) + B1j − B2j
(11)
+ (M1 − M2 ) + εP1 ,P2
where Bi,1 −Bi,2 is the diﬀerential receiver code bias
of the two frequencies; B1j − B2j is the diﬀerential
satellite code bias of the two frequencies; εP1 ,P2 is
the diﬀerential noise.
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The ionospheric delay on L1, ignoring the multipath errors and noise, is given by:
I1 =[(P1 − P2 ) − (Bi,1 − Bi,2 )
− B1j − B2j /(1 − γ) .

(12)

We computed ionospheric delays for diﬀerent
GPS satellites using the Klobuchar model and
dual-frequency observations, respectively. As shown
in ﬁgure 8, ionospheric delays calculated using
dual-frequency observations are about 4.0–5.5 m
(RMS), while delays achieved by the Klobuchar
model are about 2.5–3.5 m (RMS). Comparison
shows that the Klobuchar corrections occupied
about 60% (RMS) of the corrections achieved by
dual-frequency observations, proving the eﬀectiveness of the Klobuchar model for ground users in
middle latitude region.
3.4 Modiﬁed Klobuchar model for spaceborne users
3.4.1 Approximate forms of modiﬁed
Klobuchar model
As mentioned before, spaceborne GPS receivers
are usually above 350 km altitude, and the single layer height needs to be adjusted to 500 km
for GRACE. Similar to the Klobuchar model for
ground users, simplifying assumptions would be
made in many cases for spaceborne users to reduce
the calculation complexity, with eﬀectiveness of
the Klobuchar model preserved.
Since the height of the single layer changes from
350 to 500 km, altitude-related parameters need to
be changed. Earth angle between the receiver and
the IPP is computed using equation (13).


R
ψ = 90 − EA − arcsin
cos EA
(13)
R+H

Figure 8. Ionospheric delays using Klobuchar model and dual-frequency observations for dlft station on 1 September 2010.
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where ψ stands for the Earth angle, EA stands for
the elevation angle, R is the mean radius of the
Earth (considered to be a sphere); H is the height
of the single layer above the Earth.
The approximate equation given by Klobuchar
(1987) will not be suitable in this case. Instead,
we adjust the parameters in Klobuchar’s equation
to develop a new approximate form for spaceborne
GPS users to reduce computational time:
ψ=

700
− 6.
EA + 25

(14)

We computed Earth angle and its approximate
value at diﬀerent heights (ﬁgure 9a). The new
approximate form is less than 0.2◦ in error for all
elevation angles greater than 0◦ (ﬁgure 9b). This
precision is almost equal to that of the approximate form developed by Klobuchar for ground
GPS users. Thus, the approximation is eﬀective in
theory.
Another related parameter is the slant factor
(or obliquity factor), which can be deﬁned as the
secant of the zenith angle at the mean ionospheric
height. As shown in equations (1–3), the mapping function and the slant factor are the same
concept. Compared with the slant factor computed by Klobuchar, the modiﬁed slant factor and
its approximate form were computed (ﬁgure 10a).
Approximate form for spaceborne GPS users

Figure 10. Slant factor (top panel) and percent of slant factor error (bottom panel) of the new approximate form for
spaceborne GPS users.

(equation 15) substitutes the approximation given
by Klobuchar for ground users.
2.75

95 − EA
FI (z) = 1 + 1.7
(15)
90
The new approximate form is within 2% of the
exact value for all elevation angles greater than 7◦
(ﬁgure 10b). This precision is a little worse
than that of the approximate form developed by
Klobuchar for ground GPS users, but still is acceptable in theory.
3.4.2 Ionospheric correction using modiﬁed
Klobuchar model
Quite similar to the Klobuchar model for ground
users (Klobuchar 1987), the calculation scheme of
modiﬁed Klobuchar model is as follows:
1) Calculate the Earth angle ψ using equation (14).
2) Calculate the subionospheric latitude:
ΦI = Φu + ψ cos A
where Φu is the user approximate geodetic latitude,
A is the azimuth. If ΦI > 0.416, then ΦI = 0.416.
If ΦI < −0.416, then ΦI = −0.416.
3) Compute the subionospheric longitude:
λI = λu +

Figure 9. Earth angle (top panel) and Earth angle error
(bottom panel) of the new approximate form.

ψ sin A
cos ΦI

where λu is the user approximate geodetic
longitude.

Ionospheric correction for spaceborne single-frequency GPS
4) Compute the geomagnetic latitude:
Φm = ΦI + 0.064 cos (λI − 1.617) .
5) Compute the local time:
t = 4.32 × 104 λI + tGPS
where tGPS stands for the GPS time in second.
If t > 86,400, then t = t − 86,400. If t < 0, then
t = t + 86,400.
6) Compute the slant factor using equation (15).
7) Compute the ionospheric time delays using
equation (9).
Note: The units of angle and time are semi-circle
and second, respectively. TIONO is referred to the
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L1 frequency. If users require the ionospheric delay
on the L2 frequency, the correction term should be
multiplied by the constant 1.65.
Ionospheric delays were calculated using the
above scheme (ﬁgure 11). Compared with ionospheric delays for ground GPS users, whose peak
appears at noon due to the higher insulation,
ionospheric delays for spaceborne GPS users show
strong periodicity. As shown in ﬁgure 11, there are
about 16 periods with 16 peaks during one day,
since the period of GRACE is about 90 min and
the satellite runs 16 cycles around the Earth during one day. This periodic phenomenon is similar
to the results obtained by Garcia-Fernàndez and
Montenbruck (2006) for VTEC above the CHAMP
satellite whose period is also about 90 min.
As mentioned in section 3.1, only the ionosphere
above the altitude of GRACE will inﬂuence the

Figure 11. L1 ionospheric delays using modiﬁed Klobuchar model for spaceborne GPS on 1 September 2010.

Figure 12. Correction proportion using modiﬁed Klobuchar model on diﬀerent days.
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GPS signal, causing less path delays than on
the ground. An altitude-dependent scale factor
(Montenbruck and Gill 2002) should be multiplied
to the ionospheric delays achieved by the modiﬁed Klobuchar model. The scale factor for GRACE
needs to be adjusted in the processing of diﬀerent data set to avoid producing more harm than
beneﬁt.
Ionospheric delays for spaceborne GPS were calculated using new approximate forms developed
in this study, compared with ionospheric delays
calculated by dual-frequency observations. Data
from three days of diﬀerent years were processed
and the corresponding RMS values were computed.
As shown in ﬁgure 12, ionospheric delays of the
selected datasets calculated using the modiﬁed
Klobuchar model are more than 60% (RMS) of
those calculated by dual-frequency observations.
The average proportion of these corrections is more
than 80% (RMS) (table 1).
Results show that the proposed ionospheric correction method is applicable to the selected data
sets. However, it should be further discussed for
more datasets and more LEO satellites in the
future. Moreover, since most of the plasma in
Earth’s ionosphere is located below 500 km, the
impact of ionosphere on the spaceborne GPS users
parked above 500 km would be minimal and the
required ionospheric corrections may be of academic interest only. Nevertheless, the ionospheric
model to be used for a single frequency user located
above F-region peak of the ionosphere is worth
having a serious discussion.
Table 1. Scale factor and average correction proportion
using modiﬁed Klobuchar model.
Date

01/01/2006 01/09/2008 01/09/2010

Scale factor
Correction proportion

0.42
85%

0.30
82%

0.34
83%

3.4.3 Relative positioning with ionospheric
corrections
The impact of fractional ionosphere above the
GRACE altitude is not quite large, but still will
aﬀect the precise positioning or orbit determination. The relative position solutions were obtained
using Kalman ﬁlter with the corrections of ionospheric delays proposed in this study, compared
with JPL solution for GRACE on 1 September
2010. As shown in ﬁgure 13, positioning accuracy
is in decimetre level after convergence of ﬁlter, and
can be up to centimetre or millimetre level ﬁnally.
Results and analysis demonstrate the overall validity of the proposed ionospheric correction method
for GRACE.
The proposed method is especially meaningful
for single-frequency GPS users located below 500 km,
since a spaceborne single-frequency receiver is
much simpler and cheaper than a dual-frequency
one. Furthermore, this method is applicable to
dual-frequency users who use double diﬀerence
combinations of L1 and do not require high precision. Since impact of the fractional ionosphere
on spaceborne GPS is smaller but more complicated, it should be discussed more deeply in the
future.

4. Conclusions
SLM mapping function applicable to spaceborne
GPS was analyzed. Klobuchar models for ground
and spaceborne GPS were presented, respectively.
New approximate equation of Earth angle for
the modiﬁed Klobuchar model was proposed, and
approximate form of slant factor was given. Ionospheric delays of the dlft station and the GRACE
satellite were calculated using the Klobuchar model
and the modiﬁed Klobuchar model proposed in this

Figure 13. Residuals of GRACE relative position solution compared with JPL solution on 1 September 2010.

Ionospheric correction for spaceborne single-frequency GPS
paper, respectively. The following conclusions can
be drawn in this study:
• The single layer height needs to be changed
according to the altitudes of spacecrafts. Single
layer height of 500 km is applicable to spaceborne
GPS for GRACE.
• The approximation error of Earth angle developed in this research is no more than 0.2◦ for
satellites above 0◦ elevation.
• New approximate form of slant factor is within
2% of the exact value for all elevation angles
greater than 7◦ .
• The Klobuchar model works well for ground
GPS, which can be veriﬁed by dual-frequency
results. The modiﬁed Klobuchar model with
scale factors corrects about 80% on average of
the ionospheric delays for the selected datasets,
which are beneﬁcial to single-frequency spaceborne GPS users but need to be tested more in
further study.
• The relative positioning accuracy can be up
to centimetre or millimetre level after the convergence of Kalman ﬁlter with the correction
of ionospheric delays proposed in this study,
compared with JPL solution for GRACE on 1
September 2010.
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