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Abstract The DORIS (Doppler Orbitography and Radiopositioning Integrated
by Satellite) system was originally developed for precise orbit determination of
low Earth orbiting (LEO) satellites. Beyond that, it is highly qualified for model-
ing the distribution of electrons within the Earth’s ionosphere. It measures with
two frequencies in L-band with a relative frequency ratio close to 5. Since the
terrestrial ground beacons are distributed quite homogeneously and several LEOs
are equipped with modern receivers, a good applicability for global vertical total
electron content (VTEC) modeling can be expected.
This paper investigates the capability of DORIS dual-frequency phase observations
for deriving VTEC and the contribution of these data to global VTEC modeling.
The DORIS preprocessing is performed similar to commonly used GNSS prepro-
cessing. However, the absolute DORIS VTEC level is taken from global ionospheric
maps (GIM) provided by the International GNSS Service (IGS) as the DORIS data
itself contains no absolute information.
DORIS derived VTEC values show good consistency to IGS GIMs with a RMS
between 2 and 3 total electron content units (TECU) depending on solar activity
which can be reduced to less than 2 TECU when using only observations with
elevation angles higher than 50◦.
The combination of DORIS VTEC with data from other space-geodetic measure-
ment techniques improves the accuracy of global VTEC models significantly. If
DORIS VTEC data is used to update IGS GIMs, an improvement of up to 12%
can be achieved. The accuracy directly beneath the DORIS satellites’ ground-
tracks ranges between 1.5 and 3.5 TECU assuming a precision of 2.5 TECU for
altimeter-derived VTEC values which have been used for validation purposes.
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1 Introduction

Information on ionospheric parameters such as the vertical total electron content
(VTEC) is essential for manifold applications in various fields, e.g. navigation,
telecommunication, and geodesy. In addition to climatological models such as the
International Reference Ionosphere (IRI) (Bilitza and Reinisch, 2008) data-driven
models gain more and more influence as they can provide higher accuracies even
in time periods with anomalous events such as solar storms. Nowadays, most of
the data-driven ionosphere models are based on observations from Global Navi-
gation Satellite Systems (GNSS), especially from the Global Positioning System
(GPS). The most prominent examples are the Global Ionosphere Maps (GIM)
from the International GNSS Service (IGS) (Dow et al, 2009; Hernández-Pajares
et al, 2009). However, GNSS is not the only geodetic observation technique able to
provide information on the distribution of the free electrons in the Earth’s iono-
sphere. As the latter is a dispersive medium for microwaves one can use nearly
any observation system providing measurements on two or more frequencies for
ionosphere modeling.
In the last years, several investigations on the combination of multiple observa-
tion techniques for ionosphere modeling and especially for VTEC modeling have
been published: Todorova et al (2007) showed a combination of GNSS with satel-
lite radar altimetry (RA) which was enlarged by Alizadeh et al (2011) to radio
occultation measurements (RO) from space-based GPS. Moreover, observations
from Very Long Baseline Interferometry (VLBI) can be incorporated (Dettmer-
ing et al, 2011b). In addition to these measurement methods there exists an-
other space-geodetic observation technique which can contribute to ionospheric re-
search: DORIS (Doppler Orbitography and Radiopositioning Integrated by Satel-
lite) (Willis et al, 2007).
First ionospheric applications with DORIS data were published more than 20
years ago by Foucher and Ciavaldini (1991) and Fleury et al (1991). More re-
cently, Li and Parrot (2007) used DORIS TEC data to study ionospheric response
to seismic events and Bernhardt and Siefring (2010) analyzed ionospheric scintil-
lations based on DORIS signals measured by the CITRIS instrument on board of
STPSat1. Since that time, the DORIS system improved significantly (Auriol and
Tourain, 2010). The ground station network (also called ground beacon network)
has been expanded, new satellite missions are equipped with DORIS receivers, the
receiver technique has been improved, and new data formats are established. After
first tests with DORIS ionospheric information extracted from satellite altimetry
products (Dettmering et al, 2011a), Dettmering et al (2013) used the new DORIS
phase measurements collected on board of Jason-2 (Mercier et al, 2010) for iono-
sphere modeling in combination with other space-based observation techniques. In
the study on hand, these investigations are extended to all available DORIS mis-
sions equipped with the improved version of the DORIS receiver and the complete
DORIS ground beacon network for global modeling.
The purpose of this paper is to demonstrate the capacity of DORIS for the esti-
mation of ionospheric VTEC, to check its consistency with other observation tech-
niques, and to investigate its impact on ionosphere model results and accuracies.
The paper is separated in three main parts: Section 2 describes the DORIS system
and the observation used in this study. Afterwards, the DORIS preprocessing is
handled specifying the derivation of VTEC data from the original measurements
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(Sect. 3). This is followed by a section introducing the ionosphere modeling itself
including the model results and validations (Sect. 4). The paper terminates with
conclusions and an outlook to further work.

2 DORIS system and data

DORIS is a French satellite tracking system developed for precise orbit determi-
nation (POD) of low Earth orbiting satellites (LEO). It is based on the principle
of the Doppler effect and consists of satellite-based antenna-receiver systems on
board of several LEOs and a transmitting terrestrial beacon network sending two
signals L1 and L2 on the frequencies f1 = 2036.25 MHz and f2 = 401.25 MHz.
Both signals are effected by the ionosphere. However, the impact on L1 is less than
on L2 due to the higher frequency. Compared to the GPS frequencies (1575.42 and
1227.60 MHz), DORIS L1 is less influenced than GPS L1 and DORIS L2 shows
larger impact than GPS L2. Even more important is the separation of the two
frequencies which is for DORIS significantly larger than for GPS. The ratio of the
two frequencies is close to 5, in comparison to 1.3 for GPS. This leads to lower
influence of the ionospheric signal by measurement errors and thus to higher sys-
tem sensitivity regarding ionospheric information. However, due to the low second
frequency, the second order ionospheric effects may no longer be neglected (cf.
Sect. 3.1).
DORIS measurements are collected on-board and delivered to the ground generally
once per revolution. Hence, unlike GPS, no real-time processing of DORIS data on
ground is possible. However, this also permits the absence of internet connection
at beacon level.

2.1 DORIS station distribution and satellite missions

Since the terrestrial stations only need a power supply and no further commu-
nication technique (in contrast to GNSS station which require internet access to
transmit the observation data) it is possible to operate DORIS ground beacons on
isolated islands. Consequently, the global distribution of DORIS stations is almost
uniform. In 2014, the system consists of nearly 60 stations whose locations are
visualized in Fig. 1.
In the beginning of 2014, five satellite missions are equipped with DORIS receivers
and more reveivers are scheduled for several new missions. To be more specific, the
first satellite mission equipped with DORIS was SPOT2 in the early 90th followed
by TOPEX/Poseidon in 1992. Most of the current and past radar altimeter mis-
sions use DORIS (together with other systems) for POD, among them Jason-1 and
Envisat. Today, DORIS is installed on Jason-2, Cryosat-2, HY-2A, SARAL, and
SPOT5. Moreover, it will fly on future missions such as Jason-3 and Sentinel-3.

2.2 DORIS data and formats used in the present study

Within the last years, the DORIS system improved significantly. For instance,
new receiver types were developed. The most recent instrument generation (the
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third one) is called DGXX being a payload of Jason-2, Cryosat-2, HY-2A, and
SARAL. In contrast to older instruments, these new receivers directly provide
continuous dual-frequency phase measurements (Mercier et al, 2010) in RINEX
DORIS 3.0 format (Lourme, 2010) from seven parallel channels. Moreover, pseudo-
range code observations are available. However, the latter are rarely usable for
most applications due to their large measurement noise of about 1 km (Mercier
et al, 2010). The sampling interval is fixed to 10 seconds with one intermediate
measurement shifted by 3 seconds. In the present study, data from all epochs
are used with time intervals of 3 and 7 seconds, respectively. The data are freely
available at the data centers of the International DORIS Service (IDS), for more
details see Willis et al (2010).
In order to investigate the performance of DORIS for ionosphere modeling a global
data set of all DGXX equipped missions (Jason-2, Cryosat-2, HY-2A, and SARAL)
is used. As the most recent mission (SARAL) was launched in February 2013, this
study will only use data from late 2013, namely two months from September, 15th
until November, 15th (day of year (DOY) 258-319). During that time period, the
number of active DORIS beacons is 53. However, not all of them are usable for
each mission. The number of stations with valid observations ranges between 46
and 53 for a single mission.
Although the geographical distribution of DORIS ground beacons is global and
quite homogenous (cf. Fig. 1), the measurement distribution strongly depends on
the orbits of the missions which are used. Within 24 hours all four LEOs achieve
an almost global data coverage within a geographical coordinate system (Fig. 2a
for SARAL). However, due to the Earth rotation, the coverage in local time (LT) is
limited as can be seen in Fig. 2b. Thus, global VTEC modeling is rarely possible
with only one mission. Only by a combination of several DORIS missions or a
combination with other observation techniques high resolution models (in time
and space) can be computed. The combined utilization of four DORIS missions

Fig. 1 DORIS ground beacon network (end of 2013). Active stations (between mid September
and mid of November) are marked in red (#53) and inactive stations or stations with only
very few observations are indicated by light red and crosses (#6).
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Fig. 2 DORIS observations from the SARAL mission for 24 hours (DOY 258 / Sept 15, 2013).
The left plot (a) shows the distribution within a geographical coordinate system and the same
distribution with local time (LT) is illustrated on the right-hand side (b).

Table 1 Theoretical rate of right ascension of the ascending node Ω (due to J2) and empirical
change of local time of ascending node (LTAN) for the DORIS DGXX missions.

mission Ω̇ ˙LTAN
[◦/days] [h/10days]

Jason-2 -2.0743 -2.0
HY-2A 0.9834 0.0
SARAL 0.9862 0.0
Cryosat-2 0.2390 -0.2

seems promising. However, even with these four missions, for some time periods the
data distribution is not homogenous. This strongly depends on the inter-relation
of the local times of ascending nodes (LTAN) of the single missions. Some DORIS
missions (such as SARAL flying on a sun-synchronous orbit) have a fixed LTAN,
for other missions LTAN changes with different rates (as given in Tab. 1 and
illustrated for the time period of investigation in Fig. 3) leading to day-to-day
variations in the data coverage.

3 DORIS data preprocessing

In order to derive VTEC observations from the original DORIS phase measure-
ments several preprocessing steps have to be conducted. Some computations are
similar to the standard GNSS preprocessing since the input measurements are
comparable. However, some differences remain which are discussed in the follow-
ing in more detail.
The first preprocessing step is the derivation of slant total electron content (STEC)
from DORIS phase measurements. Therefore, each observation is linked to the cor-
responding station and satellite positions. For defining the observation time the
DORIS receiver clock offsets given within the RINEX observation files are taken
into account in order to refer all observations to international atomic time (TAI).
This is primarily important for SARAL as this mission –at least in the early data
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Fig. 3 Mean local time (LT) per day for ascending (diamonds) and descending (lines) passes
of Jason-2 (blue), Cryosat-2(red), HY-2A (green), and SARAL (cyan).

sets– exhibits a clock bias of more than 200 seconds which is by two orders of mag-
nitude larger than for the other three missions. The orbit information are inter-
polated from final orbits in SP3 format (Hilla, 2010) using Lagrange interpolation
(Schueler, 1998). Afterwards, the ionospheric observables are computed. The new
generation of DORIS DGXX receivers provide dual-frequency synchronous phase
measurements as well as code pseudo-ranges. Since the latter are disrupted by a
strong noise level, the computation of the ionospheric delay is solely based on car-
rier phase data. The observation equation referring to a carrier-phase observable
in range units on a specific frequency i is given by

λiΦi = Di + δs − δb + λiNi + δioni + δe + εi (1)

including the wavelength λi related to the carrier frequency and the measured
phase Φi on the left-hand side. The right-hand side includes a geometry term de-
noted as Di that depends on the positions of the receiver and transmitter antennas,
clock biases δb, δ

s of the ground-based DORIS beacon b and the orbiting receiver
s, the unknown number Ni of cycles between satellite and receiver, the ionospheric
delay δioni , and further influences by non-dispersive effects δe (e.g., troposphere,
ocean loading, tides, relativistic effects). The observation error is indicated by ε.
Phase variations due to the phase wind-up effect (PWU) are neglected here. The
PWU is caused by continuous rotation of the satellite to align its solar panels
towards the sun and depends on the relative orientation between transmitter- and
receiver antenna as well as the line of sight direction. Following Mercier and Cerri
(2010), PWU for Jason-2 yields a maximum of 30 cm (which corresponds to a
complete flip of the spacecraft) but it is much smaller for almost all passes and
negligible for Cryosat-2. Within this study, the PWU is neglected for all missions
but it has to be kept in mind that it can reach the decimeter level depending on
the satellite mission and the satellite’s attitude.
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Based on Eq. (1), the geometry-free, or ionospheric linear combination for dual-
frequency measurements yields

λ1Φ1 − λ2Φ2 = D1 −D2 + δion1 − δion2 + λ1N1 − λ2N2 + ε1 − ε2 (2)

where the non-dispersive effects are naturally canceled. Equation (2) can be refor-
mulated by

λ1Φ1 − λ2Φ2 = ∆D +
1

k
δion1 +N + ε (3)

to obtain the ionospheric delay with respect to the first frequency. For this purpose,
a frequency dependent factor k = f2

2 /
(
f2
2 − f2

1

)
implying both frequencies f1 and

f2 is introduced. Here, the geometry correction is substituted by∆D, the combined
ambiguity term is denoted as N = λ1N1 − λ2N2 and the measurement errors on
both frequencies are merged to ε. The ionospheric delay related to the first carrier
frequency in range units follows from

δion1 = k (λ1Φ1 − λ2Φ2 −∆D) +N + ε (4)

with N and ε having still the same definition but different content because of factor
k. Neglecting higher order ionospheric effects, the computation of the ionospheric
impact in terms of STEC in total electron content units (TECU) with 1 TECU=
1016el/m2 is a straightforward task and yields

STEC = − f2
1

40.3
δion1 10−16

= − f2
1

40.3
(k (λ1Φ1 − λ2Φ2 −∆D) +N + ε) 10−16.

(5)

The geometry correction ∆D can be easily computed from the known differences
of the antenna phase centers for the two frequencies (cf. Sect. 3.2), whereas N
and ε remain as unknowns in the data. In the following step, a pass detection is
performed to separate continuous data arcs during the observation phase between
a specific receiver and a DORIS beacon. The approach is simple and considers
mainly the detection of larger jumps in the ionospheric range delay ((δion1 |t−1 −
δion1 |t) > T ) between consecutive epochs in comparison with a previously defined
threshold T=0.2 m. Furthermore, each pass is screened by a 3-sigma outlier test,
i.e. each measurement of a specific pass is proven to be below the threshold of
3σ and, if this limit is exceeded, the observation is removed. This procedure is
performed iteratively until no observation above the 3σ level is left. As a last
step, passes that do not contain a defined minimum number of 40 observations are
omitted. This reduces the data by between 14% (Jason-2) and 27% (Cryosat-2).
The final products resulting from the preprocessing routine are pass-wise biased
(or ambiguous) STEC observations with up to 250 measurements per pass.

3.1 Higher order ionospheric effects

In Eq. (5) higher order ionospheric effects are neglected. This is acceptable for high
frequencies but may invoke errors for decreasing frequencies. Following Petit and
Luzum (2010) the second order effect reaches about 0.1% of the first order effect
for GPS L1 frequency and about 1% for frequencies around 150 MHz. Thus, for
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Table 2 Phase center locations for the two phase centers 1 and 2 taken from Cerri and Ferrage
(2014) and corresponding nadir difference ds for the missions used in this investigation.

mission x1/y1/z1 [m] ds [m]
x2/y2/z2 [m]

Jason-2 1.194 / -0.598 / 1.022 0.1640
1.194 / -0.598 / 0.858

HY-2A 0.850 / -0.750 / 1.306 0.1620
0.850 / -0.750 / 1.144

SARAL 0.805 / -0.304 / -1.129 0.1580
0.647 / -0.304 / -1.129

Cryosat-2 1.848 / -0.200 / -0.751 0.1538
1.832 / -0.200 / -0.598

DORIS L2 the influence of higher order terms might be significant. It depends –in
addition to the signal frequency– on the magnetic field strength and direction in
relation to the signal path. Thus, for the computation, some information or model
of the magnetic field is necessary.
Since all higher order ionospheric effects have been neglected in the present study,
they may impact the results and are part of the differences and accuracies given in
the validation part of this paper. Following Mercier and Cerri (2010) the influence
on DORIS L2 can reach up to 60 cm (approximately 3 TECU).

3.2 Geometry correction

The two DORIS signals travel on different paths, especially due to the differences
in the location of the antenna phase center for both frequencies (in space as well as
on ground). Consequently, the geometric distance differs for both signals. Not ac-
counting for this effect will reach a maximum of 65 cm range error for the 400 MHz
signal of Jason-2. (Mercier and Cerri, 2010).
Table 2 lists the phase center definitions for the four satellites used in this inves-
tigation and the geometry correction ds derived from these values. It should be
noted that the satellites’ coordinate systems differ for the missions and the given
locations are not directly comparable. An antenna dependent ground station cor-
rection db has to be added to ds in order to compute the overall geometry correction
which can be converted to a range difference ∆D = D1 − D2 (cf. Eqs. (2)-(5))
using the satellites elevation angle e according to

D1 −D2 = ∆D ≈ −d · sin e with d = ds + db. (6)

This formula is only an approximation neglecting the curvature of the satellite
orbit. Following IDS (2012) the value db = 0.487 m for the Starec antennae and
db = 0.175 m for the former Alcatel antennae are applied.

3.3 Absolute STEC level

Fixing the absolute level of DORIS STEC data (i.e. estimating the ambiguity term
N in Eq. (5)) is much more demanding than for GNSS due to the fact that the
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DORIS pseudo-range measurements are strongly impacted by noise and cannot
be used for carrier-smoothing or code-leveling. Alternatively, external information
must be utilized to determine the absolute STEC level. In the present study, data
from the IGS GIMs are taken for fulfilling this task. For this purpose, for each
DORIS observation the corresponding ionospheric pierce point (IPP) is computed
and used to extract IGS VTEC which is then scaled to the appropriate DORIS
satellites orbit height (more information in Sect. 3.5) and mapped to STEC using
a simple mapping function which is described in more detail in Sect. 3.4. From the
difference between the DORIS STEC and the GIM STEC one offset per satellite
pass is estimated.
This is computed by building the STEC difference (DORIS minus IGS GIM) of the
observation with the maximum elevation per pass as illustrated in Fig. 4. Using
this method ensures a minimum mapping error in the GIM data. The whole pass
is discarded in case the maximum elevation does not exceed 20◦ or the standard
deviation σo of the estimated offset (computed from the differences in each point of
the pass) exceeds a threshold of 5 TECU. This reduces the number of valid passes
by about 3.5%. Table 3 summarizes some statistics of the estimated offsets for 24
hours. The offsets mainly depend on the absolute STEC (which is highly correlated
with local time of observation) as the first observation of each pass equals zero due
to the DORIS measurement principle providing only relative phase measurements.
This effect is illustrated in Fig. 5 for Jason-2.
The reader should notice that the leveling is necessary to allow for an accurate

mapping of the DORIS STEC to VTEC since otherwise the elevation-independent
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Fig. 4 DORIS STEC for one Jason-2 descending pass of station Kourou (KRWB) on DOY
258/2013 before (red bold line) and after (dashed red line) levelling to IGS GIM (black line).
The maximum elevation angle of this pass yields nearly 80◦.
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Table 3 Statistics of estimated offsets for all passes for DOY 258.

mission offset range mean σo number
[TECU] [TECU] of passes

Jason-2 -144.9 ... 2.7 1.29 199
HY-2A -119.6 ... 3.7 1.34 191
SARAL -164.3 ... -2.5 1.50 169
Cryosat-2 -187.1 ... 8.5 1.60 158

phase ambiguity will impact the mapping accuracy. Later, the absolute DORIS
VTEC level may be changed again within the ionosphere modeling itself (Sect. 4)
by estimating constant offsets for each pass, each mission, or for the whole DORIS
system.
Furthermore, it shall be emphasized that using this level fixing method no differ-
ential code biases (DCB) like for GNSS have to be estimated as these values are
already part of the individual pass offsets.

3.4 Mapping STEC to VTEC

For the conversion of STEC to VTEC a simple single-layer ionosphere model is
used, based on the assumption that all free electrons are concentrated in one thin
shell with constant height H above the Earth’s surface. To be more specific, the
modified single-layer mapping function mf (z) introduced many years ago by the
Center for Orbit Determination in Europe (CODE) (Hugentobler et al, 2002) is
applied with H = 506.7 km, α = 0.9782, and an Earth radius R = 6371 km. This
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Fig. 5 Estimated STEC offsets for each Jason-2 pass for DOY 258. The offsets are plotted in
dependence to the mean local time (LT) per pass. The error bars show the standard deviations
σo.
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Table 4 Scaling factors used to convert DORIS VTEC from LEO orbit height to GPS orbit
height (kindly provided by R.Scharroo).

mission approx. orbit height scaling factor

Jason-2 1350 km 1/0.925
HY-2A 970 km 1/0.880
SARAL 800 km 1/0.856
Cryosat-2 720 km 1/0.744

mapping function

mf (z) =
1

cos z′
with sin z′ =

R

R+H
sin(α · z) (7)

only depends on the zenith angle z of the observation. The observed STEC has to
be divided by mf to derive the VTEC in the IPP defined by the intersection of
the signal path with the thin shell.

3.5 Handling different orbit heights (VTEC scaling)

Due to the basic measurement geometry the DORIS VTEC values only comprises
the electron content below the satellite’s orbit which is different for each mission
and –as DORIS flies on LEOs– far below GNSS orbit heights. To combine VTEC
measurements derived by different DORIS missions a conversion to one consistent
upper height is necessary. This becomes even more important if a combination
with GNSS derived VTEC is foreseen. In the present study, all VTEC values are
scaled to GPS orbit height of about 20200 km in order to be able to compare the
results to IGS products. Of course, these scaling process adds further errors to the
data.
There are several possibilities to conduct the VTEC scaling, e.g. the use of models
or of relative fractions derived from models. In this study, fixed factors are used
for each orbit height to scale the DORIS VTEC to GPS orbit height. Scharroo
and Smith (2010) showed that only small differences exist between the use of
constant factors and factors derived from IRI fractions (as proposed by Ijima et al
(1999)). These factors –commonly used by the altimeter community to correct
single-frequency altimeter measurements– are given in Tab. 4.

3.6 Comparison of DORIS VTEC to global models

Before using the DORIS VTEC data for ionosphere modeling a validation of this
data set is performed. This is conducted by comparing the data to external global
VTEC models. Three different models are used for this investigation: (1) IRI07
(Bilitza and Reinisch, 2008), (2) NIC09 model (Scharroo and Smith, 2010), and
(3) IGS GIM (Hernández-Pajares et al, 2009). The first two models are climatolog-
ical using only sparse input data to account for actual solar activity. In contrast,
IGS GIMs are based on actual GNSS measurements. However, it should be kept in
mind, that this model had already been used to fix the unknown phase ambiguities
of the DORIS STEC measurements. All comparisons are conducted in GPS orbit
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Table 5 VTEC differences to global VTEC models (GPS orbit height); mean ± σ in [TECU]
for the 51 stations active on DOY 258.

mission IGS GIM NIC09 IRI07

Jason-2 -0.11±1.74 -6.80±4.04 -11.03±7.62
HY-2A -0.10±1.84 -6.27±4.02 -11.55±7.86
SARAL -0.16±1.94 -6.62±4.19 -10.45±8.36
Cryosat-2 -0.07±2.02 -6.80±5.08 -10.39±10.48

height, i.e. after mapping the DORIS STEC to VTEC (Sect. 3.4) the values are
scaled to GPS orbit height of about 20200 km as described in Sect. 3.5.
Before the whole time period of two months is analyzed, a closer look at the first
day (DOY 258) is done in order to show dependencies on elevation and local mea-
surement time. Table 5 summarizes the results of the comparison of DORIS VTEC
with the three external global models for DOY 258. It gives the average differ-
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Fig. 6 Mean differences of Jason-2 DORIS VTEC with respect to IGS GIM (DOY 258). The
mean differences per station are plotted together with their standard deviations. Observations
with elevations smaller 10◦ are discarded.

ence for each mission and the corresponding standard deviation value. Naturally,
the mean difference with respect to the IGS model is about zero as this model
has been used for the absolute STEC leveling (cf. Sect. 3.3). However, looking
on the differences per station one can identify mean differences up to 4 TECU
(for Cryosat-2, not shown). For 97% of the stations the mean differences remain
smaller than 2 TECU, for 84% smaller than 1 TECU, respectively. For Jason-2
these mean differences are illustrated in Fig. 6. These remaining offsets provide
an impression on the accuracy of the performed STEC leveling (cf. Sect. 3.3). The
mean differences with respect to the two climatological models are larger. They
are clearly dominated by model errors and do not reflect the DORIS accuracies.
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Fig. 7 VTEC differences in GPS orbit height: DORIS minus IGS GIM for four different
missions depending on measurement elevation angle e in [TECU] for DOY 258. Measurements
from ascending passes are plotted in blue, those from descending passes in green.

Probably, both models overestimate the global mean VTEC due to the extraordi-
nary low current solar cycle.
The standard deviation values in Tab. 5 show only small inter-mission differences
and are about two times larger for IRI07 than for NIC09. IGS GIM achieves the
best consistency (σ of about 2 TECU) which is twice as small as for NIC09. In
addition, the standard deviations of the VTEC differences depends on the station
latitude (most probably due to the different absolute VTEC levels) as can be seen
in Fig. 6 for Jason-2 and IGS.
Since the IGS model clearly outperforms the two other models, only differences to
IGS GIM will be analyzed in the following in more detail. The differences show
a clear dependence on the measurement’s elevation angles as illustrated in Fig. 7
for all four missions. By using only observations with elevation angles larger than
50◦ one can reduce the RMS of the differences to values below 1 TECU. Figure 7
also indicates a correlation with local measurement time represented by ascending
or descending orbit passes: nighttime or early morning measurements (ascending
passes for Jason-2 and SARAL; descending passes for HY-2A and Cryosat-2) show
less differences to VTEC model values than daytime passes. Naturally, not all of
these differences are due to DORIS uncertainties. Also mapping function effects,
scaling errors, and GIM modeling effects are visible here.
In addition to dependencies on elevation and local time, there is a clear connec-

tion of DORIS VTEC differences to the solar activity. When looking at the RMS
values of all stations for a longer time period of two month one can see a clear
correlation with global solar radio flux F10.7 (NOAA, 2014) which indicates the
radio emission from the Sun at a wavelength of 10.7 cm. This is illustrated in
Fig. 8 for all four DORIS missions under investigation. The nearly linear increase
in solar activity between DOY250 and DOY300 (bottom plot) is also visible in
the differences between DORIS observations and IGS model which increase from
about 2 TECU up to between 2.5 and 3 TECU RMS. Probably, both data sets
–DORIS VTEC observations as well as IGS models– show decreased accuracies
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elevation cutoff of 10◦ (top plot) and the solar radio flux F10.7 for the same time period
(bottom plot).

Table 6 Mean VTEC differences to IGS GIM (RMS in [TECU]) during the whole time period
of investigation (Sept. 15 - Nov. 15, 2013) for the four DORIS missions using different elevation
cutoff angles.

mission e >10◦ e >50◦ mean im-
provement

Jason-2 2.48 1.83 0.65
HY-2A 2.31 1.88 0.42
SARAL 2.32 1.32 1.00
Cryosat-2 2.57 2.07 0.51

with increasing solar activity.
An inter-mission comparison between the four DORIS missions in the top plot

of Fig. 8 shows that Cryosat-2 performes slightly worse than the other missions.
This is probably due to the fact that Cryosat’s ascending passes are all measured
between 14 and 16 o’clock LT which is the time of highest solar radiation. In con-
trast, the other three missions show local measurement times of 6 and 18 o’clock
(SARAL and HY-2A), and variable LT (Jason-2), respectively (cf. Fig. 3).
Using a higher elevation cutoff angle will decrease the RMS values significantly.
Especially for SARAL the consistency to IGS GIM is very good since the mean
RMS is below 1.5 TECU when only comparing observations with high elevations
(more than 50◦). But also the other missions improved significantly and show dif-
ferences about or less than 2 TECU RMS (cf. Tab. 6). The dependency with solar
flux remains visible when using other elevation cutoffs (not shown).

4 Global VTEC models based on DORIS measurements

In this section the preprocessed DORIS VTEC data are used to estimate model
parameters describing the spatial and temporal properties of the Earth’s iono-
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sphere. In the first subsection the theoretical model approach is described briefly
before selected results are presented in sections 4.2 and 4.3 using two different
background models: NIC09 (climatological) and IGS GIM (data driven). Since
IRI07 perfomed worst in the VTEC comparisons (cf. Sect. 3.6) it is not used for
further studies.

4.1 Model approach

The ionospheric model approach used in this study has already been introduced
in detail in Schmidt et al (2011). Here, only the basic facts are recapitulated
and described. In the first step we decompose V TEC depending on geographical
latitude φ and longitude λ as well as time t according to

V TEC(φ, λ, t)

= V TECback(φ, λ, t) +∆V TEC(φ, λ, t)
(8)

into a given background model V TECback (e.g. NIC09) and an unknown correction
part ∆V TEC. The latter is represented by the series expansion

∆V TEC(φ, λ, t)

=
K1−1∑
k1=0

K2−1∑
k2=0

K3−1∑
k3=0

dk1,k2,k3
B
Jφ
k1

(φ)TJλk2
(λ)BJtk3

(t)
(9)

in terms of three-dimensional basis functions defined as the tensor product of three
one-dimensional basis functions. To be more specific, a set of one-dimensional
trigonometric B-spline functions T depending on longitude λ and two sets of one-
dimensional end-point interpolating polynomial B-spline functions B depending
on latitude φ and time t are combined. The B-spline levels Jλ, Jφ, and Jt define
the number of functions for each variable according to K1 = 2Jφ+2, K2 = 3·2Jλ+2
and K3 = 2Jt + 2. The numerical values for the three levels are defined by the
averaged sampling intervals of the input data sets; see Schmidt et al (2011).
The altogether K = K1·K2·K3 unknown series coefficients dk1,k2,k3

of Eq. (9) shall
be estimated within an adjustment process such as least squares estimation. Special
attention has to be drawn to the polar regions where additional constraints have
to be considered (Schumaker and Traas, 1991). Furthermore, due to possible data
gaps the normal equation system might be singular or at least ill-conditioned. In
order to overcome these problems prior information for the expectation vector and
the covariance matrix of the coefficients dk1,k2,k3

is introduced. Moreover, besides
the series coefficients the model also contains unknown constant offsets for each
observation group with respect to the background model. In this way, systematic
biases between the different observation groups are accounted for. More details are
given by Dettmering et al (2011a).
Since the parameter estimation shall be based on a variety of different input data
types (such as DORIS and GNSS), the weighting of the observation groups and
the prior information has to be handled appropriate. For this purpose, a variance
component estimation (VCE) following Koch and Kusche (2002) is used.
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Table 7 Statistics of different VTEC models (L333) in comparison with IGS GIM and RA
(Jason-2) for DOY258. All numbers in TECU.

input data mean RMS RMS
σvtec wrt IGS GIM wrt RA

GPS 9.2 5.8 6.28
GPS, RO 8.2 5.4 6.16
GPS, RO, DORIS 5.0 4.5 5.44

4.2 VTEC model with NIC09 as background

Due to the inadequate spatial-temporal distribution of the DORIS VTEC obser-
vations a reliable computation of global DORIS-only models is not possible for
most of the days – even if four DORIS missions are available. However, DORIS
can be used in combination with other observation techniques, such as terrestrial
GNSS, RO, or RA.
In order to check the impact of DORIS to combined VTEC models three different
model solutions for DOY 258/2013 were computed based on different input data
sets: GPS only, GPS+RO, and GPS+RO+DORIS. For all solutions NIC09 was
used as background model and a model resolution of Jλ = Jφ = Jt = 3 (L333) was
applied, i.e. 2600 model coefficients were estimated, together with about 120 ad-
ditional daily constants for differential code biases for GPS and systematic offsets
for each DORIS mission. The amount of coefficients representing the geographi-
cal distribution (260) corresponds to the number of the unknowns of a spherical
harmonic expansion up to degree 15 (256) as it is used by CODE. This yields
a spatial model resolution of about 20◦ and a temporal resolution of about 2.7
hours. Data of 87 GPS stations (part of IGS network) were used together with RO
observations of the FORMOSAT-3/COSMIC mission (Fong et al, 2009). Altimeter
measurements were not incorporated in these models since these data are saved
for validation purposes.
The model result for 8 UTC of DOY 258 (based on all three observation tech-
niques GPS, RO, and DORIS) is illustrated in Fig. 9. In the bottom plot, one can
clearly see that the model precision is decreased significantly in areas with sparse
or no observations. In order to quantify the contribution of DORIS, comparisons
of all three model results with IGS GIM and RA measurements of Jason-2 were
performed. Table 7 presents the consistency of these models which are based on
different input data types with IGS GIM and RA measurements. As the input
data for all models is only sparse and the background model NIC09 used for filling
the data gaps is climatological, the quality of all three models is not as good as
those of other data-driven global models. Nevertheless, it is clearly visible that
including DORIS VTEC into the model improves the internal model precision
σvtec (improvement of about 45% with respect to GPS only model) as well as the
consistency with respect to IGS GIMs (about 22%) and RA measurements (about
13%).
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Fig. 9 Model result for DOY 258, 8 UTC based on NIC09 background model and observations
from terrestrial GPS, RO, and four DORIS missions. The top plot shows the estimated VTEC.
The formal errors are illustrated in the bottom plot together with the input data distribution
(black crosses represent the IPP). All information in [TECU].

4.3 VTEC model with IGS GIM as background

Since an insufficient overall data distribution is not able to overcome a poor back-
ground model, NIC09 is replaced by IGS GIM in this section. As additional input
data solely DORIS VTEC data are used. Since these observations are all located
in a small area around the satellites’ ground-tracks most parts of the globe are still
represented by the background model. However, this measurement geometry will
be perfectly qualified for improving the IGS GIM beneath the satellites’ orbits;
thus for correcting single-frequency altimeter measurements.
For each DORIS mission one additional constant offset per 24 hours is estimated
in order to account for systematic effects. A model resolution of Jλ = 2, Jφ = 4,
Jt = 3 (L243) was used since the DORIS data provides relatively high spatial
resolution along the satellites tracks (latitude direction) and sparse resolution in
longitudinal direction. The measurement time interval of DORIS was reduced to
about one minute to avoid data correlations.
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resolution of L243; the blue bars indicate the results for L233 for some selected days.

The validation of the model results is performed by comparison with Jason-2 al-
timeter VTEC measurements. For the complete time period of two months the
differences between the model and the RA VTEC measurements were analyzed in
order to get a good coverage of different local times for the VTEC measurements.
Within 60 days, LTAN of Jason-2 orbit will vary by about 12 hours (cf. Tab. 1)
such that the LT of measurements will cover 24 hours (cf. Fig. 3).
Figure 10 illustrates the model differences with respect to Jason-2 VTEC derived
from dual-frequency radar altimetry measurements. The top plot shows the daily
standard deviations (σJ2) of the VTEC differences for both, the DORIS models
and IGS GIM. These values range between 3.5 and 6.5 TECU (with one outlier).
For some altimeter tracks significant offsets up to 2 TECU between Jason-2 VTEC
and DORIS VTEC remains (not shown). The same holds for IGS GIMs.
The inclusion of DORIS measurements improves the consistency to Jason-2 mea-

surements for almost all days as can be seen in the bottom plot of Fig. 10. The
largest improvement of σJ2 (0.5 TECU, 12%) can be achieved for DOY266. For
one day of the time period (DOY 267) the model resolution does not fit to the
observations resulting as an outlier. By using a different model resolution of L233
one can reduce the σJ2 for this day from 28.4 to 4.0 TECU (IGS GIM achieves
4.2 TECU RMS). Changing the model resolution also improves the results for the
last days of the time period. Thus, a fine-tuning of the model parameters or using
a dedicated local model probably will further improve the results.
The reason for the small improvements towards the end of the time period is not
fully understood. No correlation to the weighting between background model and
DORIS data are detectable. It is also not possible to link this time period to local
measurement times around noontime (highest solar radiation) for ascending or de-
scending passes (cf. Fig. 3). However, there might be a connection to the increased
solar activity after DOY297 (cf. Fig. 8, bottom plot). A relation to geomagnetic
indices Kp and Ap is not visible. A more detailed investigation based on a longer
time series would be helpful for fully understanding these connections.
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For single passes, the improvements invoked by the integration of DORIS VTEC
values turn out to be higher then anticipated from the mean standard deviations.
This is illustrated in Fig. 11 where for two single altimeter profiles the VTEC data
from different sources are plotted. In the first part of the profile (around Julian
Day JD 5006.08, corresponding to DOY 258/2013, 13:55 UTC) one can identify
an improvement of about 5 TECU coming from the inclusion of DORIS VTEC
into the IGS GIM.
These results clearly show that DORIS can improve the IGS models signifi-

cantly, at least in the region around the satellites’ ground-tracks. The DORIS-
supported models show better consistency with altimetry for large time periods
during medium solar activity.
Of course, not all of the remaining differences of about 3 to 6 TECU standard
deviation are errors within the DORIS observations or the modeling. The altime-
ter noise has also an important influence. Although the Jason-2 VTEC is already
smoothed (with a 20 seconds median filter) small scale variations are still visible
(cf. Fig. 11). In order to get an impression on the amount of noise in the data
a stricter filtering is performed for two test days. The standard deviation of the
differences between the original Jason-2 VTEC and this super-smoothed version
is about 2.5 TECU and the differences are visually normal distributed. Thus, one
can conclude that the level of accuracy of the IGS GIMs with additional DORIS
VTEC ranges between 1.5 and 3.5 TECU (1σ).
Although the absolute improvement by using DORIS in addition to IGS GIM is
less than 1 TECU one should keep in mind that the model used in this study is
a global one and not designed for local modeling. A more pronounced improve-
ment can be expected when using dedicated local models beneath the satellites’
ground-tracks.
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5 Conclusion and Outlook

The derivation of DORIS VTEC from dual-frequency phase observations is similar
to the procedures applied for many years on terrestrial GNSS observations. How-
ever, some key differences have to be considered. The most challenging task is the
estimation of the absolute level of VTEC as the DORIS pseudo-range observations
can not be used for this purpose.
The derived DORIS VTEC observations show good consistency with external
global models. Although the mean differences cannot be interpreted as they are
arbitrarily forced to zero by using IGS GIMs the RMS of the differences can be ana-
lyzed: values around 2 TECU are achieved for the whole data set. When using only
observations with elevation angles above 50◦ the RMS values of all missions keep
well below 1 TECU for moderate solar conditions and do not exceed 2.1 TECU in
the whole time period of investigation. All four DORIS missions analyzed (Jason-
2, Cryosat-2, HY-2A, and SARAL) provides nearly the same level of accuracy.
Only Cryosat-2 yields slightly worse performance than the other three missions.
Due to the orbit configuration of the DORIS missions the continuous computation
of high-resolution DORIS-only global VTEC models is impossible today. However,
the DORIS VTEC observations can be of great value for ionosphere modeling when
combined with other space-geodetic input data such as terrestrial GNSS since they
help to reach a more homogenous data distribution. Including DORIS into GPS
derived VTEC models can improve the consistency with RA VTEC by more than
10%.
When updating IGS GIM with DORIS VTEC the differences with respect to
Jason-2 altimeter improve by up to 0.6 TECU using a global model approach.
Probably, this can be further improved by adapting the model to the obser-
vation geometry, e.g. perform a local modeling just along the satellite’s ground
track. Thus, DORIS VTEC can help to improve ionospheric corrections for single-
frequency altimeter systems as the measurements are taken on the same platform
and should be optimal distributed for local modeling. This should be investigated
in more detail within further studies.
Moreover, DORIS may add an important contribution to 4-dimensional (longitude,
latitude, time, and height) ionosphere modeling as described e.g. in Limberger et al
(2013) since the DORIS STEC measurements can significantly improve the verti-
cal geometry of the input observations when combined with other techniques such
as terrestrial GNSS, RO, and altimetry.
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