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Abstract Global Positioning System (GPS) total electron
content (TEC) measurements, although highly precise, are
often rendered inaccurate due to satellite and receiver
differential code biases (DCBs). Calculated satellite DCB
values are now available from a variety of sources, but
receiver DCBs generally remain an undertaking of receiver
operators and processing centers. A procedure for removing these receiver DCBs from GPS-derived ionospheric
TEC at high latitudes, using Canadian Advanced Digital
Ionosonde (CADI) measurements, is presented. Here, we
will test the applicability of common numerical methods
for estimating receiver DCBs in high-latitude regions and
compare our CADI-calibrated GPS vertical TEC (vTEC)
measurements to corresponding International GNSS Service IONEX-interpolated vTEC map data. We demonstrate
that the bias values determined using the CADI method are
largely independent of the topside model (exponential,
Epstein, and a-Chapman) used. We further confirm our
results via comparing bias-calibrated GPS vTEC with those
derived from incoherent scatter radar (ISR) measurements.
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These CADI method results are found to be within 1.0 TEC
units (TECU) of ISR measurements. The numerical
methods tested demonstrate agreement varying from within
1.6 TECU to in excess of 6.0 TECU when compared to ISR
measurements.
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Introduction
The consistent availability and precision of Global Positioning System (GPS) total electron content (TEC) measurements makes GPS an asset in ionospheric research and
applications; unfortunately, inherent receiver differential
code biases (DCBs) can restrict the use of GPS TEC
measurements to analyzing relative variations in TEC. It
will be demonstrated that the reliability of previous
methods for accounting for these DCBs may be questionable for the analysis of high-latitude observations. In order
to increase the versatility of GPS TEC measurements, we
must determine a reliable means of removing receiver
DCBs from GPS-measured TEC for such observations.
TEC is commonly used as a means of investigating the
nature of the ionosphere’s variability and structure, and has
become an increasingly important parameter in ionospheric
research. It is defined as the total number of electrons
within a 1-m2 column along a path through the ionosphere. TEC is measured in TEC Units (TECU), where 1
TECU = 1016 electrons/m2 and can be determined via a
variety of different means; the more pertinent to this study
being via GPS, ionosonde, or incoherent scatter radar (ISR)
observations.
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GPS, primarily broadcasting two L-band frequencies
(L1 = 1,575.42 and L2 = 1,227.60 MHz), provides a host
of observables pertinent to ionospheric studies; those particularly important to TEC calculation include pseudorange
and carrier phase measurements. Using these observables,
one may calculate signal delays, which have been related to
ionospheric TEC along the ray path of the GPS signal.
Within the delays measured in this way, there reside
inherent biases due to the satellite and receiver hardware
involved (Warnant 1997; Arikan et al. 2008). These biases
alter the level of the TEC measured by GPS receivers and
serve as the main source of error in GPS TEC measurements. In order to determine absolute TEC, one must
remove these biases by some reliable means.
Previous single-station methods for determining receiver DCBs often involve comparing GPS TEC to modeled
TEC; unfortunately, due to a lack of available high-latitude
observations, the models used are often calibrated, predominantly, by measurements at latitudes far lower than
those with which we are concerned (Lanyi and Roth 1988;
Ma and Maruyama 2003; Arikan et al. 2008). Due to this,
we suspect that methods for DCB calculation that involve
these models do not offer, at high latitudes, the accuracy
they are shown to provide at lower latitudes. Other methods
for DCB calculation often involve least-squares analysis
based on assumptions that do not necessarily hold at high
latitudes, such as the least-squares fitting to polynomials
method outlined in Lanyi and Roth (1988), where the high
variability of the polar and auroral ionosphere can conflict
with assumptions related to the ‘‘temporal behavior of the
ionosphere’’ (Lanyi and Roth 1988). Excluding the above
two categories of receiver DCB estimation, there exist
other, simple methods for determining receiver DCBs, such
as the minimization of the standard deviation of GPS TEC
measurements method presented by Ma and Maruyama
(2003) and the pierce-point crossover methodology of
Smith (2004).
The Canadian High Arctic Ionospheric Network
(CHAIN) is devoted to achieving a greater understanding
of the high-latitude ionosphere using, in part, GPS TEC
measurements. CHAIN provides an array of instrumentation that can be used to study the ionosphere at high
latitudes, including five Canadian Advanced Digital Ionosondes (CADIs) collocated with GPS receivers (Table 1)
(Jayachandran et al. 2009). Due to this feature, one may
test the reliability of these measuring systems against one
another and calibrate their measurements appropriately; in
particular, this arrangement allows for the reliable calculation of GPS DCBs in high-latitude regions using CADIderived TEC, as is undertaken in this study.
In the ‘‘Measuring slant and vertical TEC with GPS’’
section, we will discuss how GPS TEC is calculated and
how receiver DCBs affect these calculations. Our method
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Table 1 List of stations with collocated CADI and GPS receivers
Station

Station synonym

Latitude

Longitude

Eureka

eurc

79.99N

274.10E

Resolute Bay

resc

74.75N

265.00E

Pond Inlet

ponc

72.69N

282.04E

Cambridge Bay

cbbc

69.12N

254.97E

Hall Beach

halc

68.78N

278.74E

for determining CADI TEC for comparison with GPS
values is discussed in the ‘‘Determining CADI-derived
slant TEC’’ section. The proposed method for receiver
DCB estimation and some results of its application are
presented in the ‘‘Receiver DCB estimation’’ section. In the
‘‘Discussion’’ section, the consistency of and methodology
behind our CADI method is discussed along side that of
two numerical DCB estimation techniques commonly used.
A validation of our CADI method is undertaken in the
‘‘Validating the use of the CADI method’’ section, where
bias-calibrated GPS TEC is compared with that derived
from ISR measurements.

Measuring slant and vertical TEC with GPS
The time delay of GPS signals, including the effects of the
ionosphere and instrumental biases measured by GPS
receivers, is converted to pseudorange (code) values for
both L-band frequencies via a conversion using the vacuum
speed of light. The receiver also measures carrier phase for
both frequencies. These pseudorange and carrier phase
measurements can be described by the following:


p
P1 ¼ qpk þ cðdtp  dtk Þ þ Ik;1;P
ð1Þ
þ Tkp þ c dk;1 þ d1p


p
p
p
p
P2 ¼ qk þ cðdtp  dtk Þ þ Ik;2;P þ Tk þ c dk;2 þ d2
ð2Þ


p
L1 ¼ qpk þ cðdtp  dtk Þ þ Ik;1;L
þ Tkp  c uk;1  up1
p
ð3Þ
þ k1 Nk;1


p
L2 ¼ qpk þ cðdtp  dtk Þ þ Ik;2;L
þ Tkp  c uk;2  up2
p
ð4Þ
þ k2 Nk;2
as in Leick (2004), where Pf is the pseudorange measured
on frequency f, Lf is the carrier phase measured on frequency f, qpk is the geometric range between receiver k and
satellite p, dtp and dtk are, respectively, satellite and
p
p
receiver clock errors, Ik;f
;P and Ik;f ;L are the ionospheric
code delay and phase advance on signal f, respectively (in
meters), Tkp is the neutral atmosphere (tropospheric) delay
(in meters), dk;f and dfp are, respectively, receiver and
satellite hardware delays on signal f code measurements,
/k;f and /pf are, respectively, receiver and satellite
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hardware delays on signal f phase measurements, kf is the
p
is the integer phase
wavelength of signal f, and Nk;f
ambiguity in signal f. It should be noted at this point that
P1, P2, L1, and L2 have all been converted to units of meters
in the above representative equations for the sake of simplicity; also, multipath and measurement noise are not
explicitly noted in the equations.
Taking the difference of P2 and P1 as well as L1 and L2,
we are left with
p
p
 Ik;1;P
 cðDCBp þ DCBk Þ
Ppk;GF ¼ P2  P1 ¼ Ik;2;P

ð5Þ

p
p
Lpk;GF ¼ L1  L2 ¼ Ik;1;L
 Ik;2;L
 cðDPBp þ DPBk Þ þ npk

ð6Þ
p
p
where npk ¼ k1 Nk;1
 k2 Nk;2
and DCBp ¼ d1p  d2p , DCBk ¼
dk;1  dk;2 , DPBp ¼ /p1  /p2 , and DPBk ¼ /k;1  /k;2 are,
respectively, satellite and receiver differential code and
differential phase biases (in units of seconds) (Arikan et al.
2008). We have thus removed all frequency-independent
terms, including the tropospheric and geometric unknowns.
These difference equations are known as the geometry-free
linear combinations of pseudorange and carrier phase,
respectively, and can be related to slant TEC (sTEC), in
TECU, along the ray path of the signal via the substitution
of the following approximation, derivable from the
Appleton-Hartree equation, into (5) and (6),
p
p
Ik;f
;P ¼ Ik;f ;L  A

sTECpk
f2

ð7Þ

where A = 40.3 and f is the signal frequency in MHz.
Combining this with (5) and (6) yields two relations for
determining sTEC via GPS observables
 2

f  f2
Ppk;GF ¼ A 1 2 2 2 sTECpk  cðDCBp þ DCBk Þ
ð8Þ
f1 f2
 2

f  f2
Lpk;GF ¼ A 1 2 2 2 sTECpk  cðDPBp þ DPBk Þ þ npk ð9Þ
f1 f2
The sTEC determined from pseudorange measurements
via the above relation contains no non-instrumental
ambiguity but can be extremely noisy, while the sTEC
determined from phase measurements via the above
relation retains a phase ambiguity but is extremely
precise. This phase ambiguity term must be removed if
we are to capitalize on the high precision of phase
measurements in our analysis. This is done by a phaseleveling procedure that effectively levels the phase-derived
TEC to the pseudorange-derived TEC. The method used in
our analysis is a similar procedure to those that can be
found in Horvath and Crozier (2007), Arikan et al. (2008),
and Makela et al. (2001). In this phase-leveling procedure,
we first determine a leveling constant W

W¼

Narc 

1 X
Ppk;GF  Lpk;GF
Narc N¼1

ð10Þ

where Narc is the total number of measurements over one
arc of lock, and N is an epoch index. In order to minimize
the effects of multipath and low elevation-angle noise in
the estimation of the leveling constant, we limit the range
considered in (10) to data acquired within 10 of the peak
elevation angle of each arc. We can then substitute (8) and
(9) into (10), resulting in



W ¼ cDPBpk  cDCBpk  npk
ð11Þ
where DPBpk and DCBpk simply represent the sum of the
receiver and satellite biases in phase and pseudorange
measurements, respectively. Since these DCBs and DPBs
are considered constant over periods far longer than an arc
(Sardón and Zarraoa 1997) and the integer ambiguity is
constant over an arc, the terms in (11) can be taken such
that
W ¼ cDPBpk  cDCBpk  npk

ð12Þ

If we then rearrange (9) for sTEC and substitute in (12), we
are left with
 2 2 

1
f1 f2
p
p
sTECpk ¼
þ
W
þ
cDCB
L
ð13Þ
k;GF
k
A f12  f22
where the sTEC term can be taken as the phase-leveled
sTEC. It should be noted that in this manner, the phaseleveled sTEC is independent of the DPB and npk terms
previously found in phase relation (9). Calculating W from
(10) and removing the satellite biases, we are only left with
a receiver DCB ambiguity in our values of measured GPS
sTEC. Figure 1 demonstrates a sample of phase-leveled
GPS sTEC, derived from this procedure, for all satellites in
view during the period between September 16 and 24,
2009, at the Resolute CHAIN station in one-second resolution. For the remainder of this analysis, all references to
GPS TEC are to be taken as references to GPS phaseleveled TEC.
For the purpose of comparison with ISR-derived vertical
TEC (vTEC) values in the ‘‘Validating the use of the CADI
method’’ section, we must convert GPS-derived sTEC to
equivalent vTEC. We achieve this by first removing
satellite DCBs from GPS-derived sTEC values, where
P1–C1 and P1–P2 biases were retrieved from the University of Bern ftp database at ftp://ftp.unibe.ch/aiub/CODE/
and ftp://ftp.unibe.ch/aiub/BSWUSER50/ORB/, respectively. We then restrict the sTEC values to measurements
made at satellite elevation angles greater than 30, so as to
minimize multipath effects, while also ensuring that GPS
ray paths stay within the polar cap region through the
plasmasphere, limiting the plasmaspheric contribution to
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from the satellite to the receiver, v is the ray’s zenith
angle at the intersect of the ray and the ionospheric shell,
and h is the ionospheric thin shell height (Gaussiran et al.
2004), derived from CADI measurements of the F2 peak
height as in Mushini et al. (2009). This mapping results in
the determination of vTEC through the ionospheric pierce
point (IPP), the point at which the ray from the satellite to
the receiver intersects the thin shell ionosphere. If we
assume that TEC gradients in the ionosphere are minimal
in the region of study, the IPP vTEC can be approximated
as the vTEC above the receiver. Understanding that
assuming such is an idealization, we average the IPP
vTEC, derived from the above mapping function, over all
satellites in view, in order to minimize the effect of
potential TEC gradients in the ionosphere. All references
toward GPS vTEC in the remainder of this study should
be taken as referring to this averaged, mapped GPS
vTEC.

Sat# 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,11,12,13,14,15,16,
17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32

Phase Levelled TEC (TECU)

60

50

40

30

20

10
Sep, 17

Sep, 19

Sep, 21

Sep, 23

Fig. 1 An example of raw, phase leveled, GPS-derived sTEC at the
Resolute station for September 16–24, 2009

Determining CADI-derived slant TEC
GPS-derived TEC. Following this, we map these GPS
sTEC measurements to vTEC via a simple geometric
mapping function derived via the single-layer ionosphere
model (SLIM) (see Fig. 2)
vTEC ¼ sTEC  MðeÞ

ð14Þ

where M (e) is represented by the following relationship:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
R cosðeÞ 2
MðeÞ ¼ cosðvÞ ¼ 1 
ð15Þ
Rþh
where R is the mean radius of the Earth, e is the elevation
angle measured from the horizon at the receiver to the ray

In this study, absolute ionospheric TEC is derived from
CADI vertical electron density profiles up to the F2 peak of
the ionosphere, above which the topside ionosphere is then
modeled by an analytical profile derived using CADI
parameters. CADI produces ionograms (frequency-height
profiles) of ionospheric critical frequencies and associated
virtual heights by sweeping through a frequency range
from 1 to 20 MHz while timing echo signals reflected from
the ionosphere (Davies 1990). The frequency at which the
signal is reflected by the ionosphere can be related to
electron density at the effective reflection height via (16), a
relationship derived from the electron plasma frequency of
the ionosphere.
Ne ¼

Fig. 2 Diagram of the geometry of the single-layer ionosphere model
(see text for definitions)
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eo m e 2
x
e2

ð16Þ

where eo = 8.85419e-12 farad/m is the permittivity of free
space, me = 9.10938e-31 kg is the rest mass of the electron, e = 1.60218e-19 C is the charge of an electron, and
x is the angular frequency at which the signal is reflected
by the ionosphere.
The echo time delay for a particular reflected frequency
is converted to a virtual height via a speed of light conversion. Due to the refractive index of the ionosphere, the
virtual heights of reflection, determined via CADI, must be
converted to real heights to account for delays due to the
signal medium. This process is undertaken via the Polynomial Analysis (POLAN) method with manually scaled
virtual height profiles as input (Titheridge 1985, 1988).
Ionograms are available in either 1- or 5-min temporal
resolutions and 6-km altitude resolution from the CHAIN
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network, depending on the station and time of study (all
data after the summer of 2009 are at 1-min temporal resolution). Figure 3 demonstrates an example ionogram,
displaying both the ordinary (black) and extraordinary
(red) modes of reflection, along with their corresponding
real height profiles, retrieved from CADI data corresponding to August 16, 2010, at 5:55 UT.
In order to determine the topside electron density profile, we use an a-Chapman topside model:





1
ho  h
ho  h
NT ¼ NF2 exp
1
 exp
2
H
H
ð17Þ

2sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 3




d 2 2 2
d 2 2 2 5
4
ri 
¼ Ni 
ri þ
ri sin vi 
ri sin vi
2
2
ð18Þ

where ri = R ? hi and hi is the altitude of the spherical
shell taken as the altitude at the middle of the ith layer, vi is
the piercing angle of the GPS ray path through the layer,
d = 12.5 km is the thickness of the ionospheric layer, and
Ni is the electron density at the center of the layer. The total
slant TEC, derived from CADI observations, along the
GPS ray path is then simply the sum of the slant contents
through each ionospheric layer (Smith et al. 2008). This
procedure is undertaken for each satellite in view at elevations greater than 30. An example of CADI-derived
sTEC for all satellites in view corresponding to the same
time period sampled in Fig. 1 is presented in Fig. 4.

Receiver DCB estimation
The simple and reliable method for receiver DCB estimation to be presented involves comparing GPS sTEC to that
determined with CADI via a linear regression fit. We begin
by isolating periods where three consecutive days of 5-min
resolution or one full day of 1-min resolution GPS and
CADI data are available at the site of interest. We then
undertake the procedures presented in the ‘‘Measuring slant
and vertical TEC with GPS’’ and ‘‘Determining CADIderived slant TEC’’ sections to determine GPS and CADI
sTEC values, where GPS satellite biases were removed
prior to analysis. These sTEC values are then converted to
a common temporal resolution (the temporal resolution of
available CADI data) via a boxcar averaging of GPS sTEC
values over the time period in which each ionosonde sweep
was undertaken. An example plot of this satellite-bias-

CADI sTEC (TECU)

where NF2 is the electron density at the F2-layer peak, ho
is the height of the F2-layer peak, H is the CADI-derived
scale height, and h is the height corresponding to electron density NT. The a-Chapman is often used as a
topside model since it is ‘‘more related to physics’’
(Warnant and Jodogne 1998), but quantitative justification for its use in our study is nonetheless presented in
the ‘‘Discussion’’ section to demonstrate the consistency
of our method. As plasmaspheric electron content is
generally considered negligible at high latitudes, this
topside profile is generated up to 1,000 km altitude and a
plasmaspheric model is not implemented (Nsumei et al.
2008; Tu et al. 2004).
The real height electron density profiles returned from
the POLAN procedure and the topside electron density
profile, described above, are then interpolated to produce
76 12.5-km-thick, constant-density layers between 50- and
1,000-km altitude. We then apply a spherical shell model,
as in Smith et al. (2008), to determine the slant content
through each layer along the path of the GPS signal. The
slant content in layer i is given by

sTECi

resc
10
8
6
4
2
0
00:00

00:00

00:00

00:00

00:00

00:00

Sep, 15 Sep, 17 Sep, 19 Sep, 21 Sep, 23 Sep, 25
Time (H:M UTC)

Fig. 3 A CADI ionogram at the Eureka site for August 16, 2010 at
5:55 UT. The dashed black line is a virtual height scaling of the
ordinary mode, the dashed red line is a virtual height scaling of the
extraordinary mode, and the dotted lines represent the corresponding
real height profiles returned from POLAN

Fig. 4 An example of CADI-derived sTEC at the Resolute station for
September 16–24, 2009, corresponding to the GPS-derived sTEC
shown in Fig. 1. Ionograms used in this figure were available in 5-min
resolution
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resc / Y-intercept: 33.27 ± 0.10
Slope: 1.343 / Correlation: 0.547
GPS TEC (TECU)

GPS sTEC (TECU)

resc
55
50
45
40
35
30
00:00

00:00

00:00

00:00

00:00

00:00

50
40
30
20
0

Sep, 15 Sep, 17 Sep, 19 Sep, 21 Sep, 23 Sep, 25

2

4

6

8

10

CADI TEC (TECU)

Time (H:M UTC)

Fig. 5 An example of satellite-bias-corrected GPS sTEC, in 5-min
resolution, at the Resolute station for September 16–24, 2009

corrected GPS sTEC, for all satellites in view, corresponding to the same time period sampled in Figs. 1 and 4
is presented in Fig. 5. Finally, GPS sTEC values are plotted
against CADI sTEC values and a linear regression is performed, where the y-intercept value of the linear fit of GPS
sTEC to CADI sTEC is interpreted as the receiver DCB
value corresponding to the station in question. This
y-intercept value, and effectively the receiver DCB value,
is calculated via the following relation:
TECDCBk
P
P
P
P
CTEC2 GTEC  CTEC ðGTEC  CTECÞ
¼
P
P
N CTEC2  ð CTECÞ2
ð19Þ
where TECDCBk is the receiver DCB in TECU, CTEC is
CADI-derived sTEC, GTEC is satellite-bias-corrected
GPS-measured sTEC, and N is the number of measurements made over the entire measurement period (Taylor
1997). Figure 6 demonstrates the relationship between GPS
and CADI sTEC corresponding to the example days shown
in Figs. 1 and 4. From this figure, it can be seen that TEC
determined by the two methods agrees well (correlation
coefficient 0.55) and demonstrates a y-intercept determined
receiver bias value of 33.28 ± 0.10 TECU. We have
applied the same technique to the remaining CHAIN stations listed in Table 1 and plotted the results in Fig. 7.
From these figures, it can be seen that DCBs varied
between *33 and 36 TECU.

Discussion
Before a thorough evaluation of the CADI method can be
undertaken, one must consider the potential shortcomings
of such a method as well as any dissimilarity with prior
techniques. For the CADI method, primary concerns can be
associated with the topside model selected. In order to
account for such concerns, we shall demonstrate the
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60

Fig. 6 GPS sTEC plotted against CADI-derived sTEC at the
Resolute station for September 16–24, 2009

measures that were undertaken in order to minimize the
influence of the topside model on our bias results.
Often DCB estimation methods use a comparison technique derived using relation (8) in determining DCB values:
DCBk ¼ GTEC  CTEC  DCBp

ð20Þ

where CTEC is taken as a reference TEC measurement and
all parameters are given in TECU.
A linear regression is undertaken in place of using
relation (20) in order to minimize the shortcomings of the
topside model chosen. To elaborate, if, in fact, a topside
model could be chosen in such a way as to guarantee the
one-to-one relationship between GPS and CADI vTEC,
both the linear fit method and a method using (20) to
determine receiver DCBs would yield identical results.
With a potentially inadequate topside model, artificial
diurnal variations in the receiver DCBs determined via (20)
bias the daily-determined DCB values (Wilson and
Mannucci 1993). Using a linear fit, the choice of topside
model will be demonstrated to have an ignorable effect on
receiver DCBs determined in this manner, where methods
using (20) would demonstrate artificial biases based on the
choice of topside model.
Selecting a topside electron density profile
The choice of a topside electron density profile is expected
to have a large impact on CADI-derived vTEC and thus
must be considered before the reliability of the CADI bias
estimation method outlined in the ‘‘Receiver DCB estimation’’ section can be demonstrated conclusively. In our
analysis, we use three common topside models: the
Epstein, exponential, and a-Chapman. Effectively, we
compare the effects each topside model has on the bias
value determined via the CADI method. We achieve this
by merely substituting in different topside models prior to
interpolating the CADI-derived electron density profiles in
the procedure outlined in the ‘‘Determining CADI-derived
slant TEC’’ section. We then compare the bias values
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Eureka / Y-intercept: 36.24 ± 0.15
Slope: 1.652 / Correlation: 0.595

Pond Inlet / Y-intercept: 33.95 ± 0.11
Slope: 1.582 / Correlation: 0.784

55

60

GPS sTEC (TECU)

GPS sTEC (TECU)

Fig. 7 Examples of GPS sTEC
plotted against CADI-derived
sTEC above CHAIN’s Eureka,
Pond Inlet, Cambridge Bay, and
Hall Beach stations at various
times in 2009
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Cambridge Bay / Y-intercept: 33.76 ± 0.07
Slope: 1.484 / Correlation: 0.843

Hall Beach / Y-intercept: 35.68 ± 0.11
Slope: 1.488 / Correlation: 0.780
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determined, where the 1 - r statistical error in these bias
values can be obtained via (21).
dBias
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
uP
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demonstrated to be the a-Chapman function, which is
consistent with previous results in Mushini et al. (2009).
To demonstrate the need for the CADI method in highlatitude studies that use GPS measurements, we will present results from two common numerical bias estimation
techniques: one involving least-squares fitting to a polynomial and the other using the standard deviation of vTEC
measurements.

ð21Þ
where S is the slope of the line of best fit (Taylor 1997).
Comparing the biases corresponding to each topside model
and their associated error, we hoped to gauge the effect
different topside models have on the CADI method. We then
repeated this process for all of our stations and for varying
times of a particular year. Some results of this analysis are
presented in Table 2 and are demonstrated in Fig. 8, where
we have also included the mean differences between CADIderived and bias-corrupted GPS-derived sTEC.
From our observations, the bias values determined in
this manner are found to be within the estimated 1-sigma
error of one another. Thus, through this analysis, we have
concluded that the bias obtained from our method is largely
independent of the topside electron density profile chosen.
Nonetheless, the model closest to achieving the expected
one-to-one relationship between GPS and CADI sTEC
values (GPS sTEC vs. CADI sTEC slope = 1.00) is

Minimization of standard deviations method
The minimization of standard deviations method, proposed
by Ma and Maruyama (2003), is based on the assumption
that the vTEC derived from each satellite in view should be
identical if our assumptions with regard to the mapping
function to determine vTEC are adequate and if receiver
and satellite DCBs are properly removed. In this method,
we determine the standard deviation of vTEC values
derived from sTEC measurements from each satellite in
view (above 30 elevation) while iteratively removing
sample receiver DCBs from sTEC measurements before
mapping sTEC to vTEC. That is, in the procedure discussed in the ‘‘Measuring slant and vertical TEC with
GPS’’ section, in place of averaging vTEC values generated from each satellite, we determine the standard deviation of these vTEC values as in the following
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Table 2 Comparison of CADImethod-derived receiver bias
values and mean differences
using different topside models

Station
eurc

resc

ponc

cbbc

Values for each station are
presented for each topside
model in order of a-Chapman,
Epstein, and Exponential

halc

Bias (TECU)

Error (TECU)
0.15

1.65

38.82

0.04

0.15

2.03

39.56

0.04

36.20

0.15

2.86

40.47

0.04

34.08

0.15

1.27

35.33

0.05

34.12

0.15

1.55

36.19

0.05

34.18

0.15

2.12

37.24

0.05

33.95

0.11

1.58

36.93

0.05

33.97

0.11

1.94

37.89

0.05

33.99

0.11

2.68

39.05

0.05

33.76

0.07

1.48

35.81

0.04

33.72

0.07

1.79

36.58

0.04

33.83

0.07

2.39

37.52

0.04

35.68

0.11

1.49

37.98

0.05

35.72

0.11

1.82

38.85

0.05

35.77

0.11

2.49

39.91

0.05

ð22Þ

is the standard deviation at time t for station k
where
and test bias b, and P is the total number of satellites in
view at time t (Arikan et al. 2008). We then sum these
standard deviations over the total number of sample
measurements in the measuring period, as in (23).

t¼to
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where rbk;total is the total standard deviation, to is the start
time of the test period, and T is the end time of the test
period. It is interesting to note at this point that propagation
of variances would dictate the use of the summation of
variances rather than the sum of standard deviations in
(23). Also, one should account for the variability in the
number of satellites in view by applying a method of
pooled variances. Not accounting for these two factors
could lead to potential errors in the DCBs estimated by this
method and will be investigated in future work. Nonetheless, we apply the method as presented by the author and
repeat this process for sample DCBs from 0.0 to 50.0
TECU in steps of 0.1 TECU. Finally, we determine the bias
value at which rbk;total is minimum. This value is taken as
the receiver DCB (Ma and Maruyama 2003). An example
of rbk;total versus sample DCBs is presented in Fig. 9 for
Resolute on September 19, 2009. In Fig. 9, the minimum is
identified and the bias is determined as 34.8 TECU.
Least-squares fit to a polynomial method

rbk ðtÞ

rbk ðtÞ

Error (TECU)

36.24

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
2
1 X
rbk ðtÞ ¼
GTECpk ðtÞ  GTECk ðtÞ
P  1 n¼0

T
X

Mean differences (TECU)

36.25

Fig. 8 Example demonstrating the agreement between biases estimated with the use of different topside models for the October 1–3,
2009 period. Also, plotted in are the mean differences between uncalibrated GPS- and CADI-derived sTEC for the same data

rbk;total ¼

Slope

ð23Þ

The least-squares method for determining receiver and
satellite DCBs was first introduced by Lanyi and Roth
(1988). The method used in our analysis is a revised version of Lanyi and Roth’s proposed method and is most
closely presented in Coco et al. (1991) or Arikan et al.
(2008). In this method, we make three primary assumptions
with regard to the ionosphere and vTEC measurements:
•

TEC is assumed to be independent of time in a
reference frame fixed to the Sun-Earth vector.
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Fig. 9 An example plot of the sum of SD versus sample biases for a
1-day sampling period on September 19, 2009 at the Resolute station.
The red star indicates the minimum sum of SD, which corresponds to
a receiver DCB value of 34.8 TECU

•

•

The SLIM and function for mapping GPS sTEC to
vTEC is assumed to hold over the sampling period
chosen.
GPS hardware biases are assumed to be constant over
the time of the test period.

(Lanyi and Roth 1988)
Under the above assumptions, we attempt to fit GPSderived vTEC to a second-order bivariate polynomial in
IPP latitude and longitude outlined in the following
relation:
vTEC ¼ c1 þ c2 k þ c3 / þ c4 k2 þ c5 /k þ c6 /2

ð24Þ

where c1 through c6 are coefficients to be determined by a
least-squares fit, k is the IPP east longitude and / is the IPP
latitude (Lanyi and Roth 1988). These IPP coordinates are
referenced to the Sun-Earth axis in a co-rotating frame,
where the Sun is kept at 180. Relations for converting
GPS azimuth and elevation angle data into the IPP coordinates are presented in Lanyi and Roth (1988) and
Gaussiran et al. (2004), while a simple means of transforming coordinate frames, used in our analysis, is presented in Coco et al. (1991).
It is taken as appropriate, given (24) and our assumptions, that satellite-bias-corrected sTEC can be modeled as
sTEC ¼ DCBk


þ MðeÞ c1 þ c2 k þ c3 / þ c4 k2 þ c5 /k þ c6 /2
ð25Þ
where MðeÞ is the mapping function outlined in (15). In
order for the above to hold, the coefficients in (24) and (25),
as well as the receiver and satellite DCBs, must remain
constant over the course of the test period with which we are
concerned. As discussed in Lanyi and Roth (1988), these

coefficients can be interpreted as constant if test periods are
separated into individual nighttime and daytime tests.
Concerning the stability of delays associated with receiver
and satellite hardware, receiver and satellite DCBs have
been shown in the past to remain sufficiently constant over
significant spans of time (Sardón and Zarraoa 1997).
In this method, we fit GPS sTEC observations to (25),
from which we derive a receiver DCB value for each test
period. In order to insure the stability of the polynomial
coefficients and receiver DCBs in our analysis, we have
broken the typical test period into 2-h subset periods that
overlap by 1 h. We then averaged receiver DCB values for
each subset over the test period in order to get a representative DCB value for the period. In order to minimize
multipath effects and the effects of gradients in the ionosphere, only data acquired above elevation angles of 30
are used in this analysis.
The application of these DCB estimation methods for
high-latitude observations is presented in the following
section where we will discuss the validity of these
numerical techniques as well as that of the CADI method.
This validation will be undertaken via a comparison with
incoherent scatter radar (ISR) observations.

Validating the use of the CADI method
In order to justify the accuracy of our method against that
of the numerical methods presented, we make use of ISR
measurements made in a limited number of experiments at
the Advanced Modular Incoherent Scatter Radar (AMISR)
in Resolute, which is within 2 km of the Resolute CHAIN
station. The Resolute AMISR uses the principle of
Thomson Scattering to determine electron density profiles
for various beam angles up to altitudes of 700 km (Davies
1990). In order to account for the 700-km altitude limit of
these profiles, each profile is least-squares fit to a Chapman
layer function so as to extrapolate up to 1,000 km. For our
comparison, we integrate ISR-derived electron density
profiles, retrieved from beam angles above 75 elevation,
with their associated Chapman extrapolated profile in order
to determine vTEC above the station. This ISR vTEC is
compared with receiver DCB-calibrated GPS vTEC for the
same period via a linear regression fit of GPS vTEC to ISR
vTEC. The y-intercept of this fit is interpreted as an
additional bias from the receiver bias at the Resolute station. An example of this fit is presented in Fig. 10. Comparison of results with DCBs determined using all methods
discussed previously is undertaken for varying time periods
at the Resolute station and is summarized in Table 3.
Table 3 demonstrates that the CADI method of calibration of GPS vTEC is consistently in good agreement
with ISR-derived vTEC (within 1 TECU, or *0.53 ns, of
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Fig. 10 An example of GPS sTEC against ISR sTEC for the
September 15–23, 2009, experiment run at Resolute

ISR-measured DCBs). These differences between calibrated GPS and ISR-derived vTEC are well within the
errors commonly accepted in other studies of this nature,
which are typically in the range of 0.5 ns (Coco et al. 1991;
Wilson and Mannucci 1993; Ma et al. 2005). Also, the GPS
vTEC calibrated using the biases estimated via the two
numerical methods presented in our analysis demonstrates,
in Table 3, varying error from ISR-derived vTEC at the
high-latitude Resolute station (y-intercepts between ISRand GPS-derived vTEC at times in excess of 6 TECU, or
*3.2 ns). In particular, the minimization of standard
deviations method-calibrated GPS vTEC demonstrates fair
agreement with ISR vTEC, where y-intercepts varied
between -1.5 and -3.0 TECU. The least-squares method
demonstrates more significant deviation in the form of a
variable overestimation of the receiver bias, yielding
y-intercepts varying from -2.1 to -6.4 TECU.
In order to offer a more complete view of the application
of both the CADI method and the numerical methods
presented, we have applied these methods at five CHAIN

stations for the period of October 1–3, 2009. The results of
this analysis are presented in Table 4. As can be seen, both
numerical methods demonstrate instances of significant
deviation from CADI-derived receiver DCB values.
Based on the results presented in Tables 3 and 4, it
becomes apparent that the least-squares method is inadequate for the analysis of high-latitude observations. This is
somewhat expected, as the validity of the assumptions with
regard to the ‘‘temporal behavior of the ionosphere’’ (Lanyi
and Roth 1988), made in undertaking the least-squares
method, become questionable for a highly dynamic and
magnetically coupled region, such as the polar cap. The use
of a magnetically defined coordinate system in these regions
may result in the more reliable use of this method and is
being investigated. As for the minimization of standard
deviations method, errors could be attributed to the method
of propagating variances applied in this method, the mapping function used, or potentially even to the absence of
physically relevant weights in the summation of the standard deviations. Nonetheless, it is clear from these results
that current receiver bias estimation techniques should be
carefully reviewed in their application to these regions and
that it is essential that alternative receiver DCB estimation
methods, such as the CADI method, be investigated.
Further justifying the need for a reliable DCB estimation
method at high latitudes, we have undertaken a comparison
between CADI-method-calibrated GPS-derived vTEC and
International GNSS Service (IGS) Ionosphere Map
Exchange Format (IONEX) map data retrieved from the
IGS global data center ftp server at the Goddard Space
Flight Center (ftp://cddis.gsfc.nasa.gov/gps/products/ionex/).
In order to facilitate comparison, we have produced vTEC
data in the same temporal resolution as IGS map data via
undertaking a 1-min boxcar mean about the time stamp of

Table 3 Y-intercepts of calibrated GPS vTEC versus ISR vTEC using each bias estimation method at resolute
Experiment date

09/16–23/09

CADI method (TECU)

10/15–18/09

11/05–07/09

12/04–08/09

02/01–07/11

02/9–11/11

0.28

-0.39

-0.36

-0.47

-0.22

0.19

Least-squares Method (TECU)

-6.39

-3.55

-3.43

-2.12

-6.19

-3.84

Min. SD method (TECU)

-2.08

-2.20

-2.38

-1.58

-2.96

-2.35

Table 4 Comparison between the methods presented for October 1–3, 2009, at all stations
Letter

DCB estimation method

A

CADI Method (TECU)

36.24

34.08

33.95

35.68

33.76

B

Least-squares method (TECU)

38.98

37.79

39.31

38.77

38.37

C
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EURC

RESC

PONC

HALC

CBBC

Min. SD method (TECU)

37.00

36.10

36.60

35.50

33.20

A–B

-2.74

-3.71

-5.36

-3.09

-4.61

A–C

-0.76

-2.02

-2.65

0.18

0.56
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Fig. 11 An example of CADI-calibrated GPS-derived vTEC and IGS
IONEX map vTEC above CHAIN’s Eureka, Pond Inlet, Cambridge
Bay, and Hall Beach stations at various times in 2009. The red solid
line represents the IGS map vTEC, the blue solid line represents the

each IGS data point. The results of this analysis for various
time periods in 2009 are presented in Figs. 11 and 12.
Figure 11 demonstrates that the IGS product is consistently
overestimating vTEC values above the Eureka, Hall Beach,
Pond Inlet, and Cambridge Bay stations, compared to our
calibrated measurements. This was initially suspected to be
the result of unaccounted for plasmaspheric content above
the stations during our CADI calibration procedure. But
upon the analysis of the data acquired from our Resolute
station, this hypothesis has been refuted. Figure 12 demonstrates good agreement between IGS- and GPS-derived
vTEC values, where this difference between results at the
Resolute station and those from our remaining stations can
be attributed to the fact that there is an IGS station in
Resolute less than 2 km from the CHAIN station. Thus,
since a discrepancy due to plasmaspheric content would
persist at all stations, no matter their proximity to IGS
stations, we may rule out plasmaspheric content as a source
of error in the CADI DCB estimation method for highlatitude observations. Further research is needed in order to
test the reliability of IGS IONEX-interpolated map data in
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Jul, 23

Jul, 24

Jul, 25

RMS error in IGS map vTEC, the black solid line represents the
CADI-calibrated GPS-derived vTEC, and the black segmented line
represents the SE in GPS-derived vTEC
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Fig. 12 An example of CADI-calibrated GPS-derived vTEC and IGS
IONEX map vTEC above CHAIN’s Resolute station between
September 17 and 20, 2009. The red solid line represents the IGS
map vTEC, the blue solid line represents the RMS error in IGS map
vTEC, the black solid line represents the CADI-calibrated GPSderived vTEC, and the black segmented line represents the SE in
GPS-derived vTEC
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its application to these high-latitude regions, but preliminary results suggest that these products are insufficient
for these regions. This would exemplify the need for the
incorporation of more high-latitude GPS stations into the
IGS network.

Conclusion
We have demonstrated the capability of an ionosonde-based
method for determining GPS receiver biases. The CADImethod-derived biases are seen to be independent of the
topside model chosen. GPS vTEC, calibrated with the CADI
method, demonstrates good agreement (within 1 TECU)
with ISR-derived vTEC for the measurement periods
available from the Resolute ISR. Numerical DCB estimation
methods, namely the minimization of standard deviation and
least-squares fit methods, are demonstrated to be have
varying reliability in their application in high-latitude
regions, exhibiting differences from ISR and CADI observations at times in excess of 6 TECU at the stations considered. It can be concluded, based on the results presented,
that the use of the CADI method for estimating receiver
DCBs is in fact justified in its use for determining GPS
absolute TEC in high-latitude regions and, based on our
results with regard to the IGS IONEX TEC maps, is necessary for determining accurate absolute TEC in these regions.
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