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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 parameters
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 or-
der, 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 systematically affects the accuracy of the atmospheric parameters at low al-
titudes, at high altitudes (above 25km to 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 residual error. In a second step we developed
a simple correction method, based purely on observational data, to reduce this resid-
ual 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 to 2011. We could
observe that the night time bending angle bias stays constant over the whole period
of 11yr, while the day time bias increases from low to high solar activity. As a result,
the difference between night and day time bias increases from about —0.05prad to
—0.4purad. This behavior paves the way to correct the solar cycle dependent bias of
day time RO profiles. In order to test the newly developed correction method we per-
formed 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 model world we performed the
climatological ionospheric correction of the bending angle data, by using the bending
angle bias characteristics of a solar cycle as a correction factor. After the climatological
ionospheric correction the bias of the simulated data improved significantly, not only in
the bending angle but also in the retrieved temperature profiles.

1980



10

15

20

25

10

15

20

1 Introduction and motivation

The Radio Occultation (RO) method (Melbourne et al., 1994; Kursinski et al., 1997; Hajj
et al., 2002) is an active satellite to satellite limb sounding technique. Measurements
are performed when a Global Positioning System (GPS) satellite transmits an electro-
magnetic signal, which is recorded at a Low Earth Orbit (LEO) satellite. The path of
the transmitted electromagnetic signal changes when passing through the ionosphere
and neutral atmosphere. Consequential the received total terrestrial phase delay con-
sists of a neutral atmospheric phase delay and an ionospheric phase delay. However,
it is possible to remove the ionospheric contribution to first order by applying an iono-
spheric correction (e.g. Spilker, 1980; Vorobev and Krasilnikova, 1994; Ladreiter 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 to retrieve near vertical profiles of atmo-
spheric parameters, with highest accuracy in the upper troposphere and lower strato-
sphere (UTLS). It provides information about bending angle and radio refractive index
of the Earth’s atmosphere. The atmospheric parameters are used for research areas
such as numerical weather prediction, atmospheric research, and climate studies. If
the main interest is in the characteristics of the neutral atmosphere, there is a need
to study the ionospheric residual, which systematically affects the atmospheric pa-
rameters, 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 (f; = 1575.42MHz and f, = 1227.60MHz). In RO measurements the primary
observables 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 inverse Abel-transform (Fjeldbo et al., 1971). Using the relation N = (n - 1)-106
the refractivity N is obtained, which can be expressed as a function of height z.
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To first order the refractivity can be written as (Smith and Weintraub, 1953; Kursinski
etal., 1997)

= @ X 5 e(Z) - X 7Ne_(Z)
N(z)_77.6T(z)+3.73 10 = 4.03x10 z +1.4W(2), (1)

with p being the atmospheric pressure (in hPa), T the temperature (in K), e is the
partial pressure of water vapor (in hPa), N, is the electron density (in electrons per
m3), f, is the transmitter frequency (1,2) (in Hz) and IV is the mass of condensed water
in the atmosphere (in g per m3). The four contributions are usually referred to as dry
atmosphere, moist atmosphere, ionosphere, and atmospheric scattering from liquid
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 parameters. 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 temperature.

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

N. BN,
NP~ |-C—2 - K224 ] x10°, @)
12 2

where the index k denotes again the transmitter signal (1,2) and C is the constant
of Eq. (1) (C = 40.3mss'2). The value of the constant of the second order term is
K =113x10"2m*T's™% and B4 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 second order of the ionospheric re-
fractivity (N,'(O) are generally neglected (Hardy et al., 1994; Melbourne et al., 1994),
resulting in a second order approximation (Bassiri and Hajj, 1993). The second order
term is proportional to the inverse cube of the carrier frequency, and shows almost no
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influence to a changing solar activity. 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 informa-
tions, 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 delays of the wave’s phase. Hence the optical path
L, of an electromagnetic wave (k = 1,2) is defined as:

NQL + NV
Lk_/nds_/1+ 0 ds, (3)
Sk Sk
where the integral is along the ray path S,. Equation (3) can be rewritten as an integral
over the ionospheric refractivity N,'(O and neutral atmospheric refractivity NNA While
the neutral atmosphere is not a dispersive medium, the ionosphere is, and hence influ-
ences the two carrier frequencies in a different way. Due to this dispersive nature the
frequencies f; and £, experience different phase delays and result in unequal optical
paths L4 and L,.
However, a linear combination of the two signals leads to a correction term to first
order (e.g. Spilker, 1980):

oo F2LA(t) - F2L,(1)

2 2
12—

ol ; 4)
where L(f) is the ionosphere corrected optical path [m], ¢ is time [s] and L, , are the
measured optical paths [m].
Equation (4) is the so-called traditional linear correction of phase delays, which con-
tains two important simplifications. First, it neglects higher order terms, and second, it
1983

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 day time, and times of high solar activity (Syn-
dergaard, 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.

Itis also possible to write an ionospheric correction as a correction of bending angels
a (Vorobev and Krasilnikova, 1994), which has the advantage that it does not assume
identical ray paths. It is applied at same impact parameters a:

o) f120/1 (a) —fzzaz(a)

2 2
2 - f2

: (5)

ac

with a¢ being the ionosphere corrected bending angle and @, , being the bending
angles of the signals. (A modified version of Eq. (5), described by Hocke et al., 2003,
with the aim of more stability and reduction of noise-amplification, is applied at WEGC.)

Nonetheless, Egs. (4) and (5) are still approximations, which neglect higher order
terms and do not address small scale structures of the ionosphere. The ionospheric
residual systematically affects the accuracy of the data at low as well as at high alti-
tudes, 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 by Rocken et al. (2008, 2009) and Schreiner et al. (2011). Their stud-
ies show that the effect of the residual error is smallest in the bending angle data. At
60km altitude they found day time bending angle errors of about —0.02purad in 2007
(solar minimum) and of about —0.1 prad in 2002 (solar maximum). The ionosphere in-
duced errors are enhanced when retrieving refractivity N and temperature 7 with up to
0.045% (0.1K) at 20km altitude and 0.2 % (0.5K) at 30km altitude, during day time.
The error decreases during the night time to 0.0006 % (0.002K) at 20km and 0.004 %
(0.01K) at 30km altitude (Rocken et al., 2008).
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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 system-
atic residual errors for a period of 11yr (approximately one solar cycle) with the aim
of providing an estimate of its time dependent magnitude (Sect. 3.1). Furthermore we
performed a model study with simulated data, where we separately analyzed the in-
fluence of the ionosphere and neutral atmosphere (Sect. 3.2). In a second step we
applied a climatological ionospheric correction (Sect. 4) which reduces the systematic
residual ionospheric error.

In our approach we averaged over many RO profiles within a latitude zone and study
their residual error for a solar cycle. This delivers a correction factor dependent on
solar radiation, 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 investigated the bending angle
bias (see Sect. 2.3) over a time period from 2001 to 2011, using CHAMP (CHAlleng-
ing Minisatellite Payload) and Formosat-3/COSMIC (Constellation Observing System
for Meteorology, lonosphere and Climate) RO data, comparing WEGC Occultation Pro-
cessing System version 5.4 (OPSv5.4) (Steiner et al., 2009; Pirscher, 2010) and UCAR
(University Corporation for Atmospheric Research) data processings (Kuo et al., 2004;
Ho et al., 2009). CHAMP data have been available from May 2001 to September 2008
and COSMIC were used from August 2006 to September 2011. The UCAR/CDAAC
(COSMIC Data Analysis and Archive Center) retrieval (version 2010.2640) starts with
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raw GPS amplitude and phase measurements as well as raw GPS and LEO orbit track-
ing 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 Process-
ing System) version 5.5 (Fritzer et al., 2009) we performed an End-to-End simulation
study similar to Foelsche et al. (2008). We simulated day time events (12:00, local
time) and night time events (02:00, local time) for the years 2001 to 2011 via ray trac-
ing through ionospheric and neutral atmospheric fields. The resulting phase data were
used as input for standard RO retrieval of atmospheric parameters from bending angle
to dry temperature. Since we focused on the separation of ionospheric errors we did
not superimpose observational errors.

We performed two different studies. In the first study we always employed the
same atmosphere, using operational analysis fields provided by ECMWF (European
Center for Medium-Range Weather Forecasts) for all simulations, and only varied
the ionosphere for each profile. The ECMWEF field used in this analysis is from the
day 1 January 2007 with T42L91 resolution. The horizontal resolution T42 corre-
sponds to the resolution of RO data (~ 300km), with data available at 91 vertical
levels (L91). The ionosphere was simulated with the NeUoG model (with Ne be-
ing the electron density and UoG means University of Graz (Leitinger et al., 1995,
1997)), which is driven by the F;y; index as an indicator for the solar activity. The
Fi07 index is based on the solar radio flux at a wavelength of 10.7cm. We down-
loaded daily £, ; data from the website of the National Oceanic and Atmospheric Ad-
ministration, NOAA (ftp://ftp.ngdc.noaa.gov/STP/SOLAR _DATA/SOLAR_RADIO/FLUX/
Penticton_Observed/daily/DAILYPLT.OBS, 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 distribution depending on local time, season, and so-
lar activity. As an example Fig. 2 shows typical day and night ionospheric conditions
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simulated with NeUoG. The plots show the electron density distribution N, as a func-
tion of height and latitude. In this particular example the solar activity is characterized
by F,o7 = 140sfu, for January at longitude 0°. As expected, the ionization level in Fig. 2
is clearly increased during day time (bottom panel) compared to the night time (top
panel). Furthermore there is a dependance of the ionization on the latitude and alti-
tude. At night there is a maximum 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), il-
lustrating the equatorial anomaly (the maximum of N is not 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 representative statistics, but sufficient to study the two main questions:

1. What are the bias characteristics of the ionosphere alone in the years 2001 to
201172

2. Does, as a first test, a climatological ionospheric correction 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 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 to 2009 at longitude and latitude 0°, which makes alltogether 216
1987

profiles. In order to study the contribution of the neutral atmosphere we used the
ECMWEF analysis field of the first day of each month at 00:00UTC 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
profile a with the co-located MSIS (Mass Spectrometer and Incoherent Scatter Radar)
bending angle profile between 65km and 80km impact height (which is defined as the
impact parameter minus the local radius of curvature).

/
. 1
bias = 7 Z(Uﬂo - Qusis)is ©
i=1

where / = 1 corresponds to the first altitude level above 65km and / is the last level
below 80km. We studied the day and night time bias for three different latitude zones:
60°S t0 20° S, 20° S to 20° N and 20° N to 60° N. As night time events we regarded RO
events taking place from 02:00 to 06:00 in the morning, for the day time bias we con-
sidered occultation events between 11:00 and 15:00, local time (LT). The time frames
for the night time and day time events have been chosen to allow comparisons with
results by Rocken 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 reference climatology they use the NCAR (National Cen-
ter 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 WEGC 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 latitude zone and

1988



10

15

20

10

15

20

25

day or night time event frame. CHAMP is a single satellite which performs only setting
events, i.e. the satellite scans the atmosphere from top to bottom. However, 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 fewer CHAMP RO profiles.
Therefore we averaged CHAMP data over three months and took the central month as
a representative for this month, 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 day (11:00-15:00 LT) and night (02:00-06:00 LT) time bending
angle bias for 10yr (WEGC) and 11 yr (UCAR), for three latitude zones (see Sect. 2.3).
Until July 2006 we used CHAMP data for the analysis, afterwards we continued with
COSMIC data, since the number of RO profiles is higher. The combination of CHAMP
and COSMIC data is feasible, since the bias characteristics of both data sets are ex-
tremely similar (see Foelsche 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 to 2009 (see Fig. 1). We know that the MSIS climatology
is not the “truth”, but it serves as a good reference climatology. The negative 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 night time
(diurnal cycle).

2. The day time bending angle bias increases with solar activity, while the night time
bias remains nearly constant (solar cycle).
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3. Within a year the day time and night time bending angle biases show maxima in
the summer months in WEGC data (seasonal cycle).

The diurnal cycle can be explained by the increase of ionization 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 day time bending angle bias increases
in all three latitude zones. In the solar 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 seasonal dependance, reflected in the yearly
peaks of the day time and night time bending angle bias. The seasonal maxima depend
on the latitude zone. In the extra tropics maxima occur in summer: in the Northern
Hemisphere in June and July (top panel of Fig. 3) and in the Southern Hemisphere in
December and January (bottom panel of Fig. 3). Only the tropical zone (central panel of
Fig. 3) shows no definite maxima. Finally, 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 (see Sect. 2.3) and the different reference
climatologies, which are used in the calculation of the bending angle biases.

Nevertheless, the difference between day time and night time bending angle bias
should be the same (ABias = 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 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 processing methods strengthens the conclusion that the
observed bias difference between day and night is indeed caused by solar 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).

1990



10

15

20

25

10

15

20

In Fig. 5 we discuss the potential impact of mixing CHAMP and COSMIC satellite
data (processed at WEGC) in a 10yr bending angle bias time series in the latitude
zone 20° S to 20°N. The top plot of Fig. 5 shows again the day time and night time
bending angle bias characteristics, while the bottom plot shows the bending angle
bias difference ABias. In contrast to the previous plots we now compare the complete
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 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 of Foelsche et al.
(2011) we find very similar bias results for the two satellites. Small deviations have to be
expected, since we computed monthly averages for COSMIC data, while we calculated
three month averages for CHAMP, due to the smaller number of profiles — which also
explains the higher variability in the CHAMP record.

Finally, we conclude that Figs. 3 and 4 clearly demonstrate that despite of the iono-
spheric correction, which has been applied to the bending angle data (see Eq. 5), an
ionospheric residual exists, which results in a negative bending angle bias. The iono-
spheric correction does not catch the complete change of ionization during a solar
cycle. In the next subsection this problem will be addressed with simulated data.

3.2 Simulation results

In Fig. 6 we show the mean bending angle bias for simulated 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 night
time (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 night time bending
angle bias characteristics. For each data point we averaged over 30 profiles. Also in
the simulated case we can observe that the night time bias stays more or less constant
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during a solar cycle (blue line), while the day time bending angle bias shows a response
to the modifying solar radiation (orange line). The negative night time bias fluctuates
around a mean value of about —0.1 prad, while the day time bias changes from about
—0.27 pyrad to about —0.15prad from high to low solar activity.

Following the same approach as for observational data in Fig. 4, we show in the bot-
tom panel of Fig. 6 the bending angle bias difference between day and night (A Bias,
red line). For comparison, we show the WEGC processed observational 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 values of the bending angle bias differ-
ence of observational and the simulated RO data (the latter being a characteristicum
of NeUoG model used), but it is encouraging to see that the simulated results show
a similar behavior: the stable night time bias and the solar cycle dependent day time
bias could be confirmed in the model simulation.

Finally, the bottom panel of Fig. 6 also contains the simulation results of the neutral
atmosphere (magenta line) at latitude and longitude 0° (see Sect. 2.2), using ECMWF
operational analysis fields from the years 2001 to 2009. We 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 65km
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 a ABias that fluctuates around a mean value
of —0.006 urad. At least in the ECMWEF analysis fields, the contribution of the neutral
atmosphere is small and almost constant.
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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 day and night time
bias as a good indicator for the ionospheric residual. Since the residual depends on
latitude and on the phase of the solar cycle, we propose a correction of the day time
profiles, which is applied at bending angle level, as follows:

ac, =0c,, — (ABiasg — ABiasyey, ), @)

where ag is the original bending angle, after standard first order ionospheric correction
(see Eq. 5), ac is the new bending angle after the additional climatological ionospheric
correction, ABias is the bending angle difference between day and night and ABiasy,,;
is the small contribution of the neutral atmosphere in the altitude range where the
bias is determined, which should not be corrected. The subscript / indicates that the
bending angles a¢ and a¢, are vectors depending on the impact height. The subscript
L denotes the latitude zone in which the occultation event takes place. In our studies
we distinguished three different latitude zones. Finally, the subscript S stands for the
point in time of the solar cycle. Hence, we subtract a correction factor from a day time
bending 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 a 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
1993

correction over a solar cycle on two different geographic locations (at latitude 0° and
5°S, both at longitude 0°).

The correction factor we used is the mean bending angle bias difference (A Bias) 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 (ABiasygyt)-
Since we used the same ECMWEF analysis field (1 January 2007) for every profile
simulated with ionosphere, in our special case we always subtracted the same neutral
atmospheric contribution (ABiasyg,;) from our bending angle bias difference (A Biasg, ).
For this particular day ABiasy,,; amounts to a value of about 1.8 x 1078 rad. The next
step is to correct the day time bending angle ac with this mean bending angle bias
difference according to Eq. (7), i.e. the whole profile is shifted by the same correction
factor. As explained 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.

Figure 7 illustrates the day time to night time bending angle bias difference before
(blue solid lines) and after (green dashed lines) the climatological ionospheric correc-
tion. The top plot shows the bias difference for the latitude 0°, the bottom plot for 5° S.
As expected, the 0° and 5° S bending angle profiles show a smaller day time to night
time bending angle 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
clearly reduced.

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 similar, Fig. 8 shows those for 0° as a representative example. We cut the profiles
below 10km altitude, since here the difference between dry and physical temperature
becomes important, which is not the focus of this study. In Fig. 8 we show the day
time (12:00 LT) January dry temperature profiles for the years 2001 to 2011. Besides
being an important parameter for climate research, temperature profiles are of special
interest, since they illustrate how the ionospheric error is carried through the retrieval
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(Sect. 2.2). The top row shows dry temperature profiles up to 80km altitude and the
“true” ECMWF temperature profile (dashed red line) is plotted, which has been used
as input for the simulation. The bottom row of the figure displays the temperature dif-
ference of each profile to this ECMWF profile, in the altitude range up to 35km, where
RO profiles are frequently used for climatological 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 behavior of low latitude profiles
with a pronounced tropopause and stratopause and the influence of ionospheric errors
at high altitudes. 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 temperature errors
increase with altitude and solar activity, resulting in a fan like distribution, with maximum
spread at high altitudes. As an example, January 2002 has the highest F;, value
(226.8 sfu), see Fig. 1, and shows a maximum difference of about —3.9K at 35km
altitude. For a solar minimum year on the other hand, as, e.g. 2008 (F;y7 = 75.3 sfu),
the temperature bias reduces to a value of —1.4K.

Studying the corrected data sets, we find that the temperature 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 radio occultation (RO) data
it is important to correct for the contribution of the ionosphere. The commonly applied
linear ionospheric correction is based on the fact that the ionosphere is a dispersive
medium. A combination of the two GPS frequencies leads to an ionospheric correction
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to first order. Since this correction is an approximation, there exists an ionospheric
residual, depending on the change of the solar activity. This residual results in a sys-
tematic ionospheric error, which affects the accuracy of the atmospheric parameters,
also at low altitudes.

We studied this systematic ionospheric residual by analyzing the bending angle bias
characteristics of CHAMP and COSMIC RO data from the years 2001 to 2011. We
confirmed that the night time bending angle bias stayed constant over the whole period
of 11 yr, while the day time bias increases from low to high solar activity. As a result, the
difference between night and day time bias increases from about —0.05prad to about
—0.4purad. This behavior paves the way to correct the solar cycle dependent bias of
day time RO profiles.

As a next step we simulated RO profiles at tropical latitudes. 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 resid-
ual and the systematic error in the atmospheric parameters. First of all, our analysis
showed that the contribution of the neutral atmosphere at the altitude where the bend-
ing angle bias was determined (65km to 80km) is small and almost constant with time.
Second, by investigating retrieved dry temperature profiles, we studied the influence of
the ionosphere on neutral atmosphere RO data. As expected, the influence increases
with solar activity and altitude. As an example, the simulated January profiles at a lat-
itude and longitude of 0° show a maximum bias of —3.9K (year 2002) and a minimum
bias of —1.4K (year 2008) at 35km altitude.

In this model world 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 (11yr) and to correct the day time bending angle by this factor, depending on the
latitude and the phase of the solar cycle. Discussing the same example as before, we
found that the climatological ionospheric correction reduces the error spread at 35km
altitude from 2.5K to 1.7K, while the maximum absolute errors stay below about 1.0K.
These results confirm, that the proposed approach of correcting the day time bending
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angle profiles by a solar activity dependent factor, works in principle. We note that an
unknown, but apparently time constant night time bias will remain in the corrected data.

For a detailed formulation of the climatological ionospheric correction, which can be
applied to observational data, it will be important to include multi-satellite RO results
from the currently evolving solar maximum, since results from the last maximum are
only based on RO data with comparatively high noise level from a single-satellite mis-
sion (CHAMP). A fine tuning of the applied correction will comprise a detailed study of
the local time dependance of the ionospheric residual and an optimized formulation 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 contribution of the neutral atmo-
sphere 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 don’t remove
an apparent ionospheric bias, which is indeed a real contribution of the neutral upper
atmosphere — which also shows changes caused by the solar cycle. Our preliminary
analysis based on ECMWF data indicates 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 proposed correction is not to im-
prove individual profiles, but to reduce the small ionospheric residual in large ensem-
bles 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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Fig. 1. Monthly mean solar radio flux (F5, index) for the years 2001 to 2011 (1sfu=
1072Wm™"Hz ™).
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Fig. 3. Night time and day time 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
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