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Abstract. Radio occultation (RO) sensing is used to probe
the earth’s atmosphere in order to obtain information about
its physical properties. With a main interest in the parame-
ters of the neutral atmosphere, there is the need to perform
a correction of the ionospheric contribution to the bending
angle. Since this correction is an approximation to first order,
there exists an ionospheric residual, which can be expected to
be larger when the ionization is high (day versus night, high
versus low solar activity). The ionospheric residual system-
atically affects the accuracy of the atmospheric parameters at
low altitudes, at high altitudes (above 25–30km) it even is
an important error source. In climate applications this could
lead to a time dependent bias which induces wrong trends
in atmospheric parameters at high altitudes. The first goal of
our work was to study and characterize this systematic resid-
ual error. In a second step we developed a simple correction
method, based purely on observational data, to reduce this
residual for large ensembles of RO profiles. In order to tackle
this problem, we analyzed the bending angle bias of CHAMP
and COSMIC RO data from 2001–2011. We could observe
that the nighttime bending angle bias stays constant over the
whole period of 11 yr, while the daytime bias increases from
low to high solar activity. As a result, the difference between
nighttime and daytime bias increases from about−0.05µrad
to −0.4µrad. This behavior paves the way to correct the so-
lar cycle dependent bias of daytime RO profiles. In order to
test the newly developed correction method we performed
a simulation study, which allowed to separate the influence
of the ionosphere and the neutral atmosphere. Also in the
simulated data we observed a similar increase in the bias in
times from low to high solar activity. In this simulation we
performed the climatological ionospheric correction of the

bending angle data, by using the bending angle bias charac-
teristics of a solar cycle as a correction factor. After the cli-
matological ionospheric correction the bias of the simulated
data improved significantly, not only in the bending angle but
also in the retrieved temperature profiles.

1 Introduction and motivation

The radio occultation (RO) method (Melbourne et al., 1994;
Kursinski et al., 1997; Hajj et al., 2002) is an active satel-
lite to satellite limb sounding technique. Measurements are
performed when a global positioning system (GPS) satel-
lite transmits an electromagnetic signal, which is recorded
at a low earth orbit (LEO) satellite. The path of the trans-
mitted electromagnetic signal changes when passing through
the ionosphere and neutral atmosphere. Consequently the
received total terrestrial phase delay consists of a neutral
atmospheric phase delay and an ionospheric phase delay.
However, it is possible to remove the ionospheric contri-
bution to first order by applying an ionospheric correction
(e.g.,Spilker, 1980; Vorobev and Krasilnikova, 1994; Ladre-
iter and Kirchengast, 1996; Syndergaard, 2000; Sokolovskiy
et al., 2009) in order to obtain phase delay or bending angle
profiles of the neutral atmosphere. Nevertheless, higher order
ionospheric errors remain.

The received signal’s phase delay enables it to retrieve
near-vertical profiles of atmospheric parameters, with high-
est accuracy in the upper troposphere and lower strato-
sphere (UTLS). It provides information about bending an-
gle and radio refractive index of the earth’s atmosphere.
The atmospheric parameters are used for research areas such
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as numerical weather prediction, atmospheric research, and
climate studies. If the main interest is in the characteris-
tics of the neutral atmosphere, there is a need to study the
ionospheric residual, which systematically affects the atmo-
spheric parameters, more thoroughly (e.g.,Kursinski et al.,
1997; Gobiet and Kirchengast, 2004; Mannucci et al., 2011).

GPS satellites transmit electromagnetic signals on two
carrier frequencies in the L-band (f1 = 1575.42MHz and
f2 = 1227.60MHz). In RO measurements the primary ob-
servables are the phase delays of those two frequencies.
From the phase delays bending angle profiles can be derived,
which are related to refractive index (n) profiles via an in-
verse Abel transform (Fjeldbo et al., 1971). Using the rela-
tion N = (n − 1) × 106, the refractivityN is defined, which
can be expressed as a function of heightz.

In the first order the refractivity can be written as (Smith
and Weintraub, 1953; Kursinski et al., 1997)

N(z) = 77.6
p(z)

T (z)
+ 3.73× 105 e(z)

T 2(z)
− 4.03× 107Ne(z)

f 2
k

+ 1.4W(z), (1)

with p being the atmospheric pressure [hPa],T the tempera-
ture [K], e is the partial pressure of water vapor [hPa],Ne is
the electron density [electrons per m3], fk is the transmitter
frequency withk = (1,2) [Hz], andW is the mass of con-
densed water in the atmosphere [g per m3]. The four contri-
butions are usually referred to as dry atmosphere, moist at-
mosphere, ionosphere, and atmospheric scattering from liq-
uid water. The liquid water term is very small and generally
negligible. The ionospheric contribution is given to first order
and will be corrected at bending angle level. If also the moist
contribution is neglected it yields dry atmospheric parame-
ters. Combining the refractivity equation with the equation
of state and the hydrostatic equation leads to atmospheric
parameters such as dry density, dry pressure, and dry tem-
perature.

In general the ionospheric refractivity is described by the
Appelton–Hartree formula, see e.g.,Budden(1985):

N IO
k ≈

[
−C

Ne

f 2
k

− K
BparNe

f 3
k

+ ....

]
× 106, (2)

where the indexk denotes again the transmitter signal(1,2)

and C is the constant of Eq. (1) (C = 40.3m3s−2). The
value of the constant of the second order term isK = 1.13×

10−12m3T−1s−3 andBpar is the absolute value of the earth’s
magnetic field parallel to the wave propagation[T].

In the analysis of RO data, terms higher than the second
order of the ionospheric refractivity (N IO

k ) are generally ne-
glected (Hardy et al., 1994; Melbourne et al., 1994), resulting
in a second order approximation (Bassiri and Hajj, 1993).
The usual approach is to perform a first order ionospheric
correction, as discussed below, but there are also attempts for
a reduction of the ionospheric residual by taking the second
order term into account (e.g.,Kedar et al., 2003; Petrie et al.,
2011; Vergados and Pagiatakis, 2011). A disadvantage of the

second order approximation is that it is model dependent and
requires further information, such as, the electron density in
the vicinity of the ray path or the geomagnetic field.

The refractive properties of the atmosphere (combining
neutral atmospheric and ionospheric refractivity) lead to de-
lays of the wave’s phase. Hence the optical pathLk of an
electromagnetic wave (k = 1,2) is defined as

Lk =

∫
Sk

n ds =

∫
Sk

1+
N IO

k + NNA

106
ds, (3)

where the integral is along the ray pathSk. Equation (3)
can be rewritten as an integral over the ionospheric refrac-
tivity N IO

k and neutral atmospheric refractivityNNA . While
the neutral atmosphere is not a dispersive medium, the iono-
sphere is, and hence influences the two carrier frequencies
in a different way. Due to this dispersive nature the frequen-
ciesf1 andf2 experience different phase delays and result in
unequal optical pathsL1 andL2.

However, a linear combination of the two signals leads to
a correction term to first order (e.g.,Spilker, 1980):

LC(t) =
f 2

1 L1(t) − f 2
2 L2(t)

f 2
1 − f 2

2

, (4)

whereLC(t) is the ionosphere corrected optical path [m],t

is time [s] andL1,2 are the measured optical paths [m].
Equation (4) is the so-called traditional linear correction of

phase delays, which contains two important simplifications.
First, it neglects higher order terms, and second, it assumes
that the two signals are traveling along the same paths, which
is not fulfilled due to the dispersive nature of the ionosphere.
This suggests an ionospheric residual (“dispersion” residual)
especially during daytime, and times of high solar activity
(Syndergaard, 2000). On the other hand, the advantage of
the correction is that it does not exploit spherical symmetry,
which is highly violated due to the variable ionosphere.

It is also possible to write an ionospheric correction as
a correction of bending anglesα (Vorobev and Krasilnikova,
1994). This correction is not limited to a spherically symmet-
ric ionosphere and it has the further advantage that it does not
assume identical ray paths. It is applied at same impact pa-
rametersa:

αC(a) =
f 2

1 α1(a) − f 2
2 α2(a)

f 2
1 − f 2

2

, (5)

with αC being the ionosphere corrected bending angle and
α1,2 being the bending angles of the signals.

Nonetheless, Eqs. (4) and (5) are still approximations,
which neglect higher order terms and do not address small
scale structures of the ionosphere.Vorobev and Krasilnikova
(1994) performed a 1D simulation study of the ionosphere,
providing an estimate for the residual error of Eq. (5). This
error depends on the vertical electron concentration and its
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gradient and increases when the ionospheric lower bound-
ary goes down. This captures exactly the difference of day-
time to nighttime ionospheric conditions, where the elec-
tron density increases and the ionospheric boundaries expand
during daytime. The ionospheric residual systematically af-
fects the accuracy of the data at low as well as at high al-
titudes, increasing with altitude (see Sect.4.2). The error is
carried through the retrieval of the atmospheric parameters.
This leads to the conclusion that residual ionospheric errors
in the RO data must be studied more thoroughly. Research
related to that has been performed byRocken et al.(2008,
2009) andSchreiner et al.(2011). Their studies showed that
the residual error is smallest in bending angle data and that it
increases through the retrieval chain. At 60km altitude they
found daytime bending angle errors of about−0.02µrad in
2007 (solar minimum) and of about−0.1µrad in 2002 (solar
maximum). For the bending angle the residual ionospheric
error during daytime at 20km altitude is about 0.003 %, in-
creasing to about 0.015 % at 30km altitude. While it amounts
to 0.010 % (20km) and 0.045 % (30km) in refractivity, it is
up to 0.045 % (0.1K) at 20km altitude and 0.2 % (0.5K) at
30km altitude in temperature (Schreiner et al., 2011).

Extending this work we focused on residuals caused by
the change of ionization from day and night and from low
to high solar activity. Therefore we studied systematic resid-
ual errors for a period of 11 yr (approximately one solar cy-
cle) with the aim of providing an estimate of its time de-
pendent magnitude (Sect.3.1). Furthermore we performed
a model study with simulated data, where we separately ana-
lyzed the influence of the ionosphere and neutral atmosphere
(Sect.3.2). In a second step we applied a climatological iono-
spheric correction (Sect.4) which reduces the systematic
residual ionospheric error.

In our approach we averaged over many RO profiles within
a latitude zone and studied their residual error for a solar cy-
cle. This delivers a correction factor dependent on solar radi-
ation, which is applied at bending angle level. The advantage
is that it is a simple, model independent approach, which only
uses observational RO data for the correction. The goal is not
to reduce the residual error for a single profile, but to correct
the ionospheric residual of large ensembles of RO profiles,
which are used for climatological studies.

2 Data sets and method

2.1 Satellite data

In order to detect the residual ionospheric error, we inves-
tigated the bending angle bias (see Sect.2.3) over a time
period from 2001 to 2011, using CHAMP (CHAllenging
Minisatellite Payload) and Formosat-3/COSMIC (Constella-
tion Observing System for Meteorology, Ionosphere and Cli-
mate) RO data, comparing WEGC Occultation Processing
System version 5.4 (OPSv5.4) (Steiner et al., 2009; Pirscher,

2010) and UCAR (University Corporation for Atmospheric
Research) data processing (Kuo et al., 2004; Ho et al., 2009).
CHAMP data have been available from May 2001 to Septem-
ber 2008 and COSMIC data were used from August 2006 to
September 2011. The UCAR/CDAAC (COSMIC Data Anal-
ysis and Archive Center) retrieval (version 2010.2640) starts
with raw GPS amplitude and phase measurements as well as
raw GPS and LEO orbit tracking data. The WEGC OPSv5.4
retrieval starts with excess phase profiles and precise orbit
information, provided by UCAR/CDAAC.

2.2 Simulated data

With the EGOPS software (End-to-End Generic Occultation
Performance and Processing System) version 5.5 (Fritzer
et al., 2009) we performed an end-to-end simulation study
similar to Foelsche et al.(2008). We simulated daytime
events (12:00 LT) and nighttime events (02:00 LT) for the
years 2001 to 2011 via ray tracing through ionospheric and
neutral atmospheric fields. We simulated the receiver height
at an altitude of 800km. In general, the orbit altitude of the
GPS receiver plays a role for the magnitude of the iono-
spheric residual, as published byMannucci et al.(2011).
They showed that spacecrafts at higher altitudes show less
residual ionospheric errors than spacecrafts at lower al-
titudes, comparing COSMIC orbit heights (∼ 780km) to
CHAMP (∼ 400km). Our simulated receiver height is com-
parable with the COSMIC height. Hence, it shows less resid-
ual ionospheric errors due to partial cancellations of the iono-
spheric bending than, for example, the CHAMP satellite. The
resulting phase data were used as input for standard RO re-
trieval of atmospheric parameters from bending angle to dry
temperature. Since we focused on the separation of iono-
spheric errors we did not superimpose observational errors.

We performed two different studies. In the first study
we always employed the same atmosphere, using opera-
tional analysis fields provided by ECMWF (European Cen-
tre for Medium-Range Weather Forecasts) for all simula-
tions, and only varied the ionosphere for each profile. The
ECMWF field used in this analysis is from 1 January 2007
with T42L91 resolution. The horizontal resolution T42 cor-
responds to the resolution of RO data (∼ 300km), with data
available at 91 vertical levels (L91). The ionosphere was sim-
ulated with the NeUoG model (with Ne being the electron
density and UoG meaning University of GrazLeitinger et al.,
1995, 1997), which is driven by theF10.7 index as an indi-
cator for the solar activity. TheF10.7 index is based on the
solar radio flux at a wavelength of 10.7cm. We downloaded
daily F10.7 data from the website of the National Oceanic
and Atmospheric Administration, NOAA (http://www.ngdc.
noaa.gov/, 2012) and calculated monthly mean values as
a representative for typical solar activity, see Fig.1. The
NeUoG model provides a global 3-D electron density dis-
tribution depending on local time, season, and solar activity.
The magnetic field term according to Eq. (2) is not included

www.atmos-meas-tech.net/6/2169/2013/ Atmos. Meas. Tech., 6, 2169–2179, 2013
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Fig. 1. Monthly mean solar radio flux (F10.7 index) for the years 2001 to 2011 (1sfu =
10−22Wm−1Hz−1).

23

Fig. 1. Monthly mean solar radio flux (F10.7 index) for the years
2001 to 2011 (1sfu= 10−22Wm−1Hz−1).

in the simulations. A recent study byLiu et al. (2013) inves-
tigated to which order the ionospheric refractive index needs
to be considered. They compared a modified version of the
NeUoG model which included the geomagnetic term to the
old version without the field term (1st order approximation).
Their results showed no essential effects on the bending an-
gle residuals to whether the magnetic field term is included
or not.

As an example, Fig.2 shows typical day and night iono-
spheric conditions simulated with NeUoG. The plots show
the electron density distributionNe as a function of latitude
and height. In this particular example, the solar activity is
characterized byF10.7 = 140sfu, for January at longitude 0◦.
As expected, the ionization level in Fig.2 is clearly increased
during daytime (bottom panel) compared to the nighttime
(top panel); furthermore, there is a dependance of the ion-
ization on the latitude and altitude. At night there is a maxi-
mum around 3◦ N (top panel), while during the day there are
two maxima around 10◦ S and 18◦ N, at an altitude of 400km
(bottom panel), illustrating the equatorial anomaly (the max-
imum of Ne is not located at the equator, but within±20◦

latitude of the magnetic equator).
In our simulations we focused on the latitude band 20◦ S

to 20◦ N and simulated events taking place in all Januaries
from 2001 to 2011 at latitudes 0◦, 5◦ S, 5◦ N, 10◦ S, 10◦ N
and at longitudes 0◦, 60◦ E, 60◦ W, 120◦ E, 120◦ W, 180◦ E.
This leads to altogether 60 simulated occultation events per
year and 660 events for a period of 11 yr. This is not a repre-
sentative statistics, but sufficient to study the two main ques-
tions:

1. What are the bias characteristics of the ionosphere alone
in the years 2001 to 2011?

2. Does, as a first test, a climatological ionospheric correc-
tion work on the simulated data?

Furthermore we simulated occultation events based on
past realistic atmospheric fields, where the electromagnetic
signal gets occulted only by the neutral atmosphere, i.e., the
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Fig. 2. Electron density distribution in January for F10.7 = 140sfu as a function of latitude and height,
at 0◦ longitude. The top panel shows the distribution at night time (02:00 LT), the bottom panel
shows the distribution at day time (12:00 LT), where the electron density reaches values of up to
18.0×1011electrons/m3. 24

Fig. 2. Electron density distribution in January forF10.7 = 140sfu
as a function of latitude and height, at 0◦ longitude. The top panel
shows the distribution at nighttime (02:00 LT), the bottom panel
shows the distribution at daytime (12:00 LT), where the electron
density reaches values of up to 18.0× 1011electrons/m3.

ionospheric part was ignored in that simulation. We analyzed
the following questions:

1. How big is the contribution of the neutral atmosphere
in the altitude domain where the ionospheric residual is
determined?

2. Does this contribution of the neutral atmosphere vary
during a solar cycle?

For that study we simulated two profiles per month (one
day and one night profile) for the years 2001–2009 at lon-
gitude and latitude 0◦, which altogether makes 216 profiles.
In order to study the contribution of the neutral atmosphere,
we used the ECMWF analysis field of the first day of each
month at 00:00 UTC and 12:00 UTC, respectively.

2.3 Determination of the ionospheric residual

The residual ionospheric error was studied by analyzing
the bending angle bias. At WEGC the bias is obtained by
comparing the ionosphere corrected bending angle profileα

Atmos. Meas. Tech., 6, 2169–2179, 2013 www.atmos-meas-tech.net/6/2169/2013/
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with the co-located MSIS (Mass Spectrometer and Incoher-
ent Scatter Radar) bending angle profile between 65km and
80km impact height (which is defined as the impact parame-
ter minus the local radius of curvature).

bias=
1

l

l∑
i=1

(αRO− αMSIS)i, (6)

where i = 1 corresponds to the first altitude level above
65km andl is the last level below 80km. The MSIS climatol-
ogy provides atmospheric profiles depending on latitude, lon-
gitude, day of year, and universal time (or local solar time),
including also dependencies on solar activity (represented by
the solar radio fluxF10.7 and the magnetic indexAp) (Hedin,
1991). For our applications as a reference climatology it was
modeled as a function of month, impact height, latitude, and
longitude with fixed local time 0h and fixed solar activity of
F10.7 = 150sfu andAp = 4, so that it shows no diurnal varia-
tions and no solar variations. The reference climatology acts
as a shift of the bending angle to a value around zero and will
in later studies of bending angle bias differences (see Fig.4)
cancel out.

We studied the daytime and nighttime bias for three differ-
ent latitude zones: 60◦ S to 20◦ S, 20◦ S to 20◦ N, and 20◦ N
to 60◦ N. As nighttime events we regarded RO events tak-
ing place from 02:00 to 06:00 in the morning, for the day-
time bias we considered occultation events between 11:00
and 15:00, local time (LT). The time frames for the nighttime
and daytime events have been chosen to allow comparisons
with results byRocken et al.(2008, 2009); Schreiner et al.
(2011) who picked the same time frames.

At UCAR the bending angle bias is calculated in a similar
way, but in the altitude range of 60km to 80km. As a refer-
ence climatology they use the NCAR (National Center for
Atmospheric Research) climatology (Randel et al., 2002).
Hence, the absolute bias values are different for WEGC and
UCAR data.

We calculated the median bias of all profiles which pass
quality control, within three months for CHAMP data, and
within one month for COSMIC data. This leads to about 600
events (CHAMP) and about 4000 events (COSMIC), per lat-
itude zone and daytime or nighttime event frame. CHAMP
is a single satellite which performs only setting events, i.e.,
the satellite scans the atmosphere from top to bottom. How-
ever, COSMIC is a six satellite constellation, which measures
setting as well as rising events (scanning of the atmosphere
from bottom to top), leading to considerably more COSMIC
RO profiles compared to CHAMP. Therefore we averaged
CHAMP data over three months and took the central month
as a representative for this time period, e.g., the median bias
over the period March-April-May represents April.

3 Results and discussion of the ionospheric residual

3.1 Satellite data results

In Fig. 3 we show the daytime (11:00–15:00 LT) and night-
time (02:00–06:00 LT) bending angle bias for 10 yr (WEGC)
and 11 yr (UCAR), for three latitude zones (see Sect.2.3).
Until July 2006 we used CHAMP data for the analysis, after-
wards we continued with COSMIC data, since the number of
RO profiles is higher. The combination of CHAMP and COS-
MIC data is feasible, since the bias characteristics of both
data sets are extremely similar (seeFoelsche et al., 2011, and
an explicit discussion below). In this 10 to 11 yr time frame
the solar cycle has a maximum in the years 2001 and 2002,
and a minimum in the years 2007–2009 (see Fig.1). The neg-
ative sign of the bias is consistent with the assumption of an
ionospheric origin (Sokolovskiy et al., 2009). The time series
in Fig. 3 illustrates three main effects:

1. The negative bending angle bias is larger during day-
time than during nighttime (diurnal cycle).

2. The daytime bending angle bias increases with solar ac-
tivity, while the nighttime bias remains nearly constant
(solar cycle).

3. Within a year the daytime and nighttime bending angle
biases show maxima in the summer months in WEGC
data (seasonal cycle).

The diurnal cycle can be explained by the increase of ion-
ization from night to day. Also the second effect reflects the
change of ionization, caused by the solar cycle. Indeed we
find that in the years of high solar activity the daytime bend-
ing angle bias increases in all three latitude zones. In the so-
lar minimum years Fig.3 shows that the WEGC as well as
the UCAR bending angle data sets approach a more or less
constant value. Furthermore the WEGC data sets show a sea-
sonal dependance, reflected in the yearly peaks of the day-
time and nighttime bending angle bias. The seasonal maxima
depend on the latitude zone. In the extratropics maxima occur
in summer: in the Northern Hemisphere in June and July (top
panel of Fig.3) and in the Southern Hemisphere in Decem-
ber and January (bottom panel of Fig.3). Only the tropical
zone (central panel of Fig.3) shows no definite maxima. Fi-
nally, in the comparison of the WEGC and UCAR processed
data sets we observe that the absolute bias values differ from
each other. This is due to the different altitude ranges and
the different reference climatologies, which are used in the
calculation of the bending angle biases (see Sect.2.3).

Nevertheless, the difference between daytime and night-
time bending angle bias should be the same (1Bias=

Day Bias− Night Bias) for the two data sets, if it correctly
reflects the changing solar activity. This is confirmed by the
results shown in Fig.4, by comparing WEGC data (green
line) and UCAR processed data (blue line). The two data sets
display a very similar temporal evolution. This characteristic

www.atmos-meas-tech.net/6/2169/2013/ Atmos. Meas. Tech., 6, 2169–2179, 2013
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Fig. 3. Night time and day time bending angle
bias characteristics over about one solar cycle for
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20◦N to 60◦N, 20◦S to 20◦N, and 60◦S to 20◦S.
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Fig. 3. Nighttime and daytime bending angle bias characteristics
over about one solar cycle for WEGC and UCAR bending angle
data. From top to bottom we show data from the latitude zones
20◦ N to 60◦ N, 20◦ S to 20◦ N, and 60◦ S to 20◦ S.

can be found in all three latitude zones. Furthermore, the bias
difference in all three zones approaches a constant value in
2007, which could indicate that the seasonal cycle in Fig.3
for WEGC data is due to the reference climatology used. The
similar behavior of two data sets obtained with different pro-
cessing methods strengthens the conclusion that the observed
bias difference between day and night is indeed caused by so-
lar activity. This bending angle bias difference will therefore
be used as a solar cycle dependent correction factor for the
bending angle data (see Sect.4.1).

In Fig. 5 we discuss the potential impact of mixing
CHAMP and COSMIC satellite data (processed at WEGC)
in a 10 yr bending angle bias time series in the latitude zone
20◦ S to 20◦ N. The top plot of Fig.5shows again the daytime
and nighttime bending angle bias characteristics, while the
bottom plot shows the bending angle bias difference1Bias.
In contrast to the previous plots we now compare the com-
plete available WEGC data sets of CHAMP and COSMIC.
CHAMP data are available from May 2001 to September
2008 and COSMIC data from August 2006 to December
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Fig. 4. Difference between daytime and nighttime bending angle
bias for three latitude zones, comparing WEGC (green line) and
UCAR (blue line) bending angle data (same latitude zone as in
Fig. 3).

2010. We find that the data of the two satellites are in good
agreement in the overlapping period from August 2006 to
September 2008. Confirming the results ofFoelsche et al.
(2011) we find very similar bias results for the two satel-
lites. Small deviations have to be expected, since we com-
puted monthly averages for COSMIC data, while we calcu-
lated three month averages for CHAMP, due to the smaller
number of profiles – which also explains the higher variabil-
ity in the CHAMP record.

Finally, we conclude that Figs.3 and 4 clearly demon-
strate that despite of the ionospheric correction, which has
been applied to the bending angle data (see Eq.5), an iono-
spheric residual exists, which results in a negative bend-
ing angle bias. Our results are consistent withVorobev and
Krasilnikova (1994). They studied the error of the atmo-
spheric refractive angle under different ionospheric condi-
tions, investigating the influence of the height and thickness
of ionospheric layers. They found that the atmospheric re-
fractive recovery error (i) increases with decreasing height of
the electron concentration maximum, and (ii) increases with
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Fig. 5. Comparison of CHAMP and COSMIC bending angle bias
time series based on WEGC processing. The top panel shows
CHAMP and COSMIC daytime and nighttime bias characteristics,
the bottom panel displays the bias difference1Bias in the latitude
zone 20◦ S and 20◦ N.

increasingly thick ionospheric layers. Our analysis confirmed
their results by showing that the residual bias depends on the
diurnal, solar and seasonal cycles.

In the next subsection we address the ionospheric residual
for simulated data.

3.2 Simulation results

In Fig. 6 we show the mean bending angle bias for simu-
lated profiles in the tropical band. At each latitude (0◦, 5◦ S,
5◦ N, 10◦ S, 10◦ N) we simulated profiles at longitudes 0◦,
60◦ E, 60◦ W, 120◦ E, 120◦ W, 180◦ E. We studied the day-
time (12:00 LT) and nighttime (02:00 LT) bending angle bias
for the years 2001 to 2011. Thereby we always used the same
ECMWF atmosphere field for all profiles and varied only the
solar activity according to Fig.1.

The top panel of Fig.6 shows the results of the mean day-
time and nighttime bending angle bias characteristics. For
each data point we averaged over 30 profiles. Also in the
simulated case we can observe that the nighttime bias stays
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Fig. 6. Top panel: mean daytime (orange line) and nighttime (blue
line) bending angle bias of the simulated profiles. Bottom panel:
mean bending angle bias difference (1Bias) of the simulated pro-
files (red line), the WEGC processed satellite data (green line) and
the neutral atmosphere simulation time series at latitude and longi-
tude 0◦ (magenta line).

more or less constant during a solar cycle (blue line), while
the daytime bending angle bias shows a response to the mod-
ifying solar radiation (orange line). The negative nighttime
bias fluctuates around a mean value of about−0.1µrad, while
the daytime bias changes from about−0.27µrad to about
−0.15µrad from high to low solar activity.

Following the same approach as for observational data in
Fig. 4, we show in the bottom panel of Fig.6 the bend-
ing angle bias difference between day and night (1Bias, red
line). For comparison, we show the WEGC processed obser-
vational data in the same latitude zone (20◦ S to 20◦ N, green
line). One can see that the mean value of the simulated data
nicely fits the observational bending angle bias difference.
We do not expect full coincidence between the absolute val-
ues of the bending angle bias difference of observational and
simulated data, but it is encouraging to see that the simulated
results show a similar behavior: the stable nighttime bias and
the solar cycle dependent daytime bias could be confirmed in
the model simulation.

Finally, the bottom panel of Fig.6 also contains the sim-
ulation results of the neutral atmosphere (magenta line) at
latitude and longitude 0◦ (see Sect.2.2), using ECMWF op-
erational analysis fields from the years 2001 to 2009. We
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Fig. 7. Bending angle bias difference (1Bias) between day and
night for latitude 0◦ (top panel) and 5◦ S (bottom panel) for the
month January from 2001–2011. The solid blue lines show the
bending angle bias difference for original bending angle data sets,
the dashed green lines show the data after climatological iono-
spheric correction.

simulated the pure effect of the neutral atmosphere without
ionosphere, because we wanted to provide an estimate of the
contribution of the neutral atmosphere to the bending angle
bias between 65 and 80km. Furthermore we wanted to study
if this contribution shows a dependance on the solar cycle.
We observed that the contribution of the neutral atmosphere
stays stable during a solar cycle, resulting in a1Bias that
fluctuates around a mean value of−0.006µrad. At least in
the ECMWF analysis fields, the contribution of the neutral
atmosphere is small and almost constant.

4 Climatological ionospheric correction

4.1 A simple bending angle correction factor

Now we want to introduce an idea for a simple correction of
the ionospheric residual, which has been identified in Sect.3.

Based on the results of Sect.3 we identify the difference
between daytime and nighttime bias as a good indicator for
the ionospheric residual. Since the residual depends on lati-
tude and on the phase of the solar cycle, we propose a cor-
rection of the daytime profiles, which is applied at bending

angle level, as follows:

αC′
i,SL = αCi,SL − (1BiasSL − 1BiasNeutSL), (7)

whereαC is the original bending angle, after standard first or-
der ionospheric correction (see Eq.5), αC′ is the new bending
angle after the additionalclimatologicalionospheric correc-
tion, 1Bias is the bending angle difference between day and
night, and1BiasNeut is the small contribution of the neu-
tral atmosphere in the altitude range where the bias is deter-
mined, which should not be corrected. The subscripti indi-
cates that the bending anglesαC andαC′ are vectors depend-
ing on the impact height. The subscript L denotes the latitude
zone in which the occultation event takes place. Finally, the
subscript S stands for the point in time of the solar cycle.
Hence, we subtract a correction factor from a daytime bend-
ing angle profile, which magnitude depends on the phase of
the solar cycle and the latitude zone in which the occultation
event takes place. Furthermore we subtract the small neutral
atmospheric contribution from the correction factor. A first
test of this approach is presented in the next section.

4.2 Model results on the reduction of the systematic
residual ionospheric error

As the next step we used the simulated profiles to perform
a first test of the newly introduced climatological ionospheric
correction. We tested the performance of the correction over
a solar cycle on two different geographic locations (at lati-
tude 0◦ and 5◦ S, both at longitude 0◦).

The correction factor we used is the mean bending angle
bias difference (1Bias) of all simulated profiles (red line
of bottom panel of Fig.6). From this mean bending angle
bias difference we subtracted the contribution of the neutral
atmosphere (1BiasNeut). Since we used the same ECMWF
analysis field (1 January 2007) for every profile simulated
with ionosphere, in our special case we always subtracted
the same neutral atmospheric contribution (1BiasNeut) from
our bending angle bias difference (1BiasSL). For this partic-
ular day1BiasNeut amounts to 1.8× 10−8 rad. The next step
is to correct the daytime bending angleαC with this mean
bending angle bias difference according to Eq. (7), i.e., the
whole profile is shifted by the same correction factor. As ex-
plained in Sect.4.1, the magnitude of the correction factor
depends on the latitude zone and the phase of the solar cycle.
This leads to a larger correction factor in times of high solar
activity and a smaller factor in times of low solar activity.

Figure7 illustrates the daytime to nighttime bending an-
gle bias difference before (blue solid lines) and after (green
dashed lines) the climatological ionospheric correction. The
top plot shows the bias difference for the latitude 0◦, the bot-
tom plot for 5◦ S. As expected, the 0◦ and 5◦ S bending an-
gle profiles show a smaller daytime to nighttime bending an-
gle bias difference after the correction (see dashed lines of
Fig. 7). There is still a dependance of the bias difference on
the solar radiation, but the residual is clearly reduced.
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Fig. 8. Top panels: dry temperature versus altitude for January pro-
files from 2001–2011, before (left) and after (right) climatological
ionospheric correction of bending angles. Bottom panels: dry tem-
perature difference relative to the ECMWF temperature up to 35km,
again before (left) and after (right) correction. All profiles generated
at latitude and longitude 0◦.

Next we studied if this reduction of the bending angle
bias also results in a bias reduction of the derived parameter
dry temperature. The results for 0◦ and 5◦ S are very simi-
lar, Fig. 8 shows those for 0◦ as a representative example.
We cut the profiles below 10km altitude, since here the dif-
ference between dry and physical temperature becomes im-
portant, which is not the focus of this study. In Fig.8 we
show the daytime (12:00 LT) January dry temperature pro-
files for the years 2001–2011. Besides being an important
parameter for climate research, temperature profiles are of
special interest, since they illustrate how the ionospheric er-
ror amplifies through the retrieval (Schreiner et al., 2011).
The top row shows dry temperature profiles up to 80km alti-
tude and the “true” ECMWF temperature profile (dashed red
line), which has been used as input for the simulation. The
bottom row of the figure displays the temperature difference
of each profile to this ECMWF profile, in the altitude range
up to 35km, where RO profiles are frequently used for clima-
tological studies. The left panels of Fig.8 show the original
temperature profiles, while the right panels show the results
after the climatological ionospheric correction, marked with
a capital C.

The temperature plots (top row) show the typical behav-
ior of low latitude profiles with a pronounced tropopause and
stratopause and the influence of ionospheric errors at high al-
titudes. The ionospheric residual is clearly reduced after the
climatological ionospheric correction (right panel), which
becomes even more evident when looking at the difference
plots (bottom row). These plots illustrate how the tempera-
ture errors increase with altitude and solar activity, resulting
in a fan like distribution, with maximum spread at high al-
titudes. As an example, January 2002 has the highestF10.7
value (226.8 sfu), see Fig.1, and shows a maximum differ-
ence of about−3.9K at 35km altitude. For a solar minimum
year on the other hand, as e.g., 2008 (F10.7 = 75.3 sfu), the
temperature bias reduces to a value of−1.4K.

Studying the corrected data sets, we find that the temper-
ature profile of January 2002 shows a difference of about
−1.0K at 35km altitude, while for 2008 it amounts to 0.4K.
As a result of the correction the spread of the fan is clearly
reduced and even more important, it is centered around zero
with maximum absolute deviations of less than about 1.0K.

5 Summary, conclusions, and outlook

For the study of neutral atmospheric parameters based on ra-
dio occultation (RO) data it is important to correct for the
contribution of the ionosphere. The commonly applied lin-
ear ionospheric correction is based on the fact that the iono-
sphere is a dispersive medium. A combination of the two
GPS frequencies leads to an ionospheric correction to first
order. Since this correction is an approximation, there exists
an ionospheric residual, depending on the change of the so-
lar activity. This residual results in a systematic ionospheric
error, which affects the accuracy of the atmospheric parame-
ters, also at low altitudes.

We studied this systematic ionospheric residual by analyz-
ing the bending angle bias characteristics of CHAMP and
COSMIC RO data from the years 2001 to 2011. We con-
firmed that the nighttime bending angle bias stayed constant
over the whole period of 11 yr, while the daytime bias in-
creases from low to high solar activity. As a result, the dif-
ference between nighttime and daytime bias increases from
about−0.05µrad to about−0.4µrad. Thus the average day-
time bending angles under solar maximum conditions are ap-
proximately 0.35µrad smaller than during low solar activity.
When studying short-term atmospheric trends over an un-
favorable time interval (i.e., from low to high solar activity
or vice versa) the residual ionospheric error could lead to
a trend, which could wrongly be interpreted as an anthro-
pogenically induced atmospheric trend. Since absolute bend-
ing angle values decrease exponentially with altitude, the im-
portance of this residual error increases with altitude.

Ringer and Healy(2008) studied projected bending angle
trends based on a climate model run. At an impact altitude
of 26 km, e.g., they report a positive trend of about 4µrad per
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decade. The trend decreases to about 1.2µrad per decade, at
an impact height of 30km, see Fig. 1 inRinger and Healy
(2008). Depending on the altitude considered, the residual
ionospheric error could therefore range from a few percent up
to an important fraction of a short-term bending angle trend.

As the next step we simulated RO profiles at tropical lati-
tudes. The goal was, on the one hand, to study separately the
influence of the ionosphere and the neutral atmosphere. On
the other hand, we wanted to test a first approach to reduce
the ionospheric residual and the systematic error in the atmo-
spheric parameters. First of all, our analysis showed that the
contribution of the neutral atmosphere at the altitude where
the bending angle bias was determined (65km to 80km) is
small and almost constant with time. Second, by investigat-
ing retrieved dry temperature profiles, we studied the influ-
ence of the ionosphere on neutral atmosphere RO data. As
expected, the influence increases with solar activity and al-
titude. As an example, the simulated January profiles at a
latitude and longitude of 0◦ show a maximum bias of−3.9K
(2002, high solar activity) and a minimum bias of−1.4K
(2008, low solar activity) at 35km altitude.

In this simulation we also tried to reduce the ionospheric
residual of the simulated profiles. The principle idea was to
use the bending angle bias characteristics of a solar cycle
(11 yr) and to correct the daytime bending angle by this fac-
tor, depending on the latitude and the phase of the solar cycle.
Discussing the same example as before, we found that the cli-
matological ionospheric correction reduces the error spread
at 35km altitude from 2.5K to 1.7K, while the maximum ab-
solute errors stay below about 1.0K. These results confirm,
that the proposed approach of correcting the daytime bend-
ing angle profiles by a solar activity dependent factor, works
in principle. We note that an unknown, but apparently time
constant, nighttime bias will remain in the corrected data.

For a detailed formulation of the climatological iono-
spheric correction, which can be applied to observational
data, it will be important to include multi-satellite RO re-
sults from the currently evolving solar maximum, since re-
sults from the last maximum are only based on RO data with
comparatively high noise level from a single-satellite mis-
sion (CHAMP). In a first step, the correction of observational
satellite data, will be based on COSMIC RO data only, and
no mixing of satellite data will take place. However, when we
include different satellites we will regard their orbit altitudes
as a further factor in our correction (Mannucci et al., 2011).

Furthermore, a fine tuning of the applied correction
will comprise a detailed study of the local time depen-
dance of the ionospheric residual and an optimized for-
mulation of the geographic dependance, where we will
also consider if magnetic coordinates are better suited
than geographic coordinates.

Another aspect, which has to be considered, is the contri-
bution of the neutral atmosphere to the bending angle above
65 km altitude, where the bending angle bias is operationally
determined in our retrieval. We have to make sure that we

do not remove an apparent ionospheric bias, which is in-
deed a real contribution of the neutral upper atmosphere –
which also shows changes caused by the solar cycle. Our
preliminary analysis based on ECMWF data indicated that
this effect is small and almost constant with time, but further
work is needed to confirm these results. A simple approach
to minimize this potential problem could be to increase the
minimum altitude of the range, where the bending angle bias
is determined (e.g., from currently 65km to 70km), which
would significantly reduce any contribution from the neutral
atmosphere.

Finally, we want to emphasize that the goal of the pro-
posed correction is not to improve individual profiles, but to
reduce the small ionospheric residual in large ensembles of
RO data for climate applications. A further advantage of the
new approach is that it is model independent, based purely
on observational RO data.
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