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ROM SAF
The Radio Occultation Meteorology Satellite Application Facility (ROM SAF) is a decen-
tralised processing center under EUMETSAT which is responsible for operational processing
of GRAS radio occultation data from the Metop satellites and Radio Occultation (RO) data
from other missions. The ROM SAF delivers bending angle, refractivity, temperature, pres-
sure, and humidity profiles in near-real time and offline for NWP and climate users. The
offline profiles are further processed into climate products consisting of gridded monthly
zonal means of bending angle, refractivity, temperature, humidity, and geopotential heights
together with error descriptions.

The ROM SAF also maintains the Radio Occultation Processing Package (ROPP) which con-
tains software modules that will aid users wishing to process, quality-control and assimilate
radio occultation data from any radio occultation mission into NWP and other models.

The ROM SAF Leading Entity is the Danish Meteorological Institute (DMI), with Cooperat-
ing Entities: i) European Centre for Medium-Range Weather Forecasts (ECMWF) in Read-
ing, United Kingdom, ii) Institut D’Estudis Espacials de Catalunya (IEEC) in Barcelona,
Spain, and iii) Met Office in Exeter, United Kingdom. To get access to our products or to
read more about the ROM SAF please go to: http://www.romsaf.org.

Intellectual Property Rights
All intellectual property rights of the ROM SAF products belong to EUMETSAT. The use
of these products is granted to every interested user, free of charge. If you wish to use these
products, EUMETSAT’s copyright credit must be shown by displaying the words ”copyright
(year) EUMETSAT” on each of the products used.
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Executive summary
Radio Occultation (RO) sensing is used to probe the Earth’s atmosphere in order to obtain
information about its physical properties. When the radio signal passes through the atmo-
sphere it experiences a phase shift, which is partly influenced by the due to solar radiation
ionized part of the atmosphere. If the main interest are the atmospheric parameters of the
neutral atmosphere, there is the need to correct for this ionospheric phase shift. Usually an
ionospheric correction procedure is performed at bending angle level, which removes the
ionospheric contribution to first order. Nevertheless ionospheric residuals remain, which af-
fect the neutral atmospheric parameters.

In this study a new model for correcting the residual ionospheric error was tested. It is based
on an integral expression for the residual error from the original paper of Vorobev and Krasil-
nikova. The model relates the residual error to the two GPS signals bending angles, α1(a)
and α2(a), and furthermore to a coefficient κ(a) dependent on impact altitude a.

The overall objective of this study was to explore the validity of the new residual ionospheric
error model. In a first task a simulation study was set up, simulating day and night GPS RO
profiles for the period of a solar cycle with and without ionosphere. The residual error was
studied, the error model was tested, and temporal and spatial variations of κ(a) were investi-
gated. Furthermore, first tests of correcting bending angle data with the proposed ionospheric
error model were conducted. The model performed well in the simulation study, capturing
the temporal variability of the ionospheric residual. Although, it was not possible, due to
high noise of the simulated bending angle profiles at mid to high latitudes, to perform a thor-
ough latitudinal investigation of the performance of the model, first positive and encouraging
results were found at low latitudes.

In a second study the proposed model was tested on observational GPS RO bending angle
climatologies. The main goal in that study was to check for correlation between solar activity
and the residual ionospheric error model, which should capture the temporal, solar cycle de-
pendent evolution of the residual error. Correlation between the model and the solar activity
could be detected, suggesting that the proposed model reduces residual ionospheric errors in
climatological studies.
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1 Introduction
The Radio Occultation (RO) technique gains information about the physical properties of
a planetary atmosphere by detecting a change in a radio signal when it passes through this
atmosphere. With the installment of the Global Positioning System (GPS) constellation this
principle could be applied to scan the Earth’s atmosphere. Using the GPS frequencies f1
(1575.42 MHz) and f2 (1227.62 MHz), the RO technique provides high quality profiles in the
upper troposphere and lower stratosphere (UTLS) since 1995, see e.g., Kursinski et al. [9].
It has the advantage of all-weather capability, high-vertical resolution, and global coverage.
The high data quality and long term stability make RO data suitable for climate applications.

The measured observable during an RO event are the phase delays of the transmitted electro-
magnetic signals L1 and L2, which are detected at a Low Earth Orbit (LEO) satellite. From
the primary quantity phase delays bending angle profiles can be derived, from which, contin-
uing in a processing chain, geophysical information such as, temperature or pressure, can be
obtained. However, the signals total phase delays consists of neutral atmospheric phase de-
lays as well as ionospheric phase delays. In order to be able to study the characteristics of the
neutral atmosphere, the use of an ionospheric correction procedure is necessary. To first or-
der it is possible to remove the ionospheric contribution, see, e.g., Spilker [19], Vorob’ev and
Krasil’nikova [22], Ladreiter and Kirchengast [10], Syndergaard [21]. Nevertheless, higher
order ionospheric residuals remain.

The dispersive nature of the ionosphere leads to differences in the bending of the two GPS
signals f1 and f2. From a linear combination of the two signals the neutral atmospheric
bending can be estimated. This linear combination removes the ionospheric contribution to
first order and is commonly applied at all major processing centers at bending angle level
[22].

The remaining residual ionospheric error is a function which varies with the 11 year solar cy-
cle, being higher at day time compared to night time [3]. There is a reasonable concern on the
impact of this residual ionospheric error on GPS RO level-3 products1 [15]. The sensitivity
of temperature level-3 products towards small bending angle biases has been tested within
ROM SAF. Adding a bending angle bias of 0.05 µrad to an entire bending angle, resulted in
an about 0.5 K difference at 30 km altitude in temperature. For comparison, solar maximum
and day time conditions shows bending angle biases of about 0.3 µrad. This emphasizes the
importance for a better understanding of residual ionospheric errors.

Residual ionospheric errors are often described as the omission of higher order magnetic
terms in the ionospheric refractive index. It has been noted by Healy and Culverwell [7]
that the research article by Vorob’ev and Krasil’nikova [22] contains an integral expression
for the residual ionospheric error (Eq. 22), valid for a one-dimensional ionosphere with no
magnetic field. First simulation tests of this expression showed that it produces residual errors
comparable to errors in more complex simulations.

Healy and Culverwell performed simulations with a one-dimensional Chapman layer iono-

1 ROM SAF level-3 products describe the monthly mean state of the atmosphere in the form of zonal averages,
i.e. averages over all longitudes in 5-degree latitude bands. The range of data products includes both RO-
specific variables (bending angle, refractivity) and common geophysical variables (temperature, humidity,
pressure).
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sphere, noticing there to be a simple relationship between the residual error and the L1 and L2
bending angles (residual ionospheric error model). This simple relationship has the potential
to capture the problematic temporal variability of the residual ionospheric error.

In this study this new model for the residual ionospheric error is investigated, using both
simulated and real data. In a first part the residual error model is tested for simulated data.
RO events are simulated from 2001 until 2011, modeling according to the solar cycle a
3-dimensional non-spherical ionosphere through which the L1 and L2 signals pass. Further-
more co-located neutral atmospheric profiles are simulated. Monthly-mean residual iono-
spheric errors are computed, testing its temporal, as well as, spatial variability. The key
question is if the proposed error model captures the simulated residual error as a function
of time and space. In a second part real GPS RO monthly mean climatologies are used to
study the correlation between the residual error model and the F10.7 index.

The two studies should answer the question if the residual ionospheric error model is appli-
cable to the more complex situation of a 3-dimensional non-spherical ionosphere, and finally,
potentially to real observational GPS RO data.
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2 Residual ionospheric error model
To first order the ionospheric corrected bending angle αC is given by (using the formulation
from Vorob’ev and Krasil’nikova [22])

αC(a) =
f 2
1 α1(a)− f 2

2 α2(a)

f 2
1 − f 2

2

, (2.1)

where α1 and α2 are the f1 and f2 signal bending defined at the same impact parameter a
(which is the perpendicular distance between one of the ray asymptotes and the center of
refraction).

It is known that the magnitude of the residual ionospheric errors corresponds to the iono-
spheric electron density values, i.e., larger electron densities produce larger residual errors.
Vorob’ev and Krasil’nikova [22] provide an integral expression for the residual ionospheric
error ∆α, given for the case of a one-dimensional ionosphere with no magnetic field. This
residual error depends on the vertical gradient of the square of the electron concentration
(n2

e), i.e.,

∆α(a) ∼
∫ ∞

a

(
d(n2

e)
dz

)
(z2−a2)3/2 dz . (2.2)

On the other hand, the ionospheric bending is related to the vertical integral of the gradient
of electron density,

α(a) ∼
∫ ∞

a

(
d(ne)

dz

)
(z2−a2)1/2 dz . (2.3)

This suggests a relationship between the two. Healy and Culverwell calculated the residual
ionospheric error for the case of a Chapman layer ionosphere. The residual error ∆α(a) as a
function of impact parameter a is then described by

∆α(a) = αC(a)−αN(a) = −κ(a)(α1(a)−α2(a))2 , (2.4)

with αC [rad] being the to first order ionospheric corrected bending angle (see Eq. 2.1) and
αN [rad] being the neutral atmospheric bending angle. This simple expression for the resid-
ual error is the key formula in this study. From calculations the factor κ(a) [rad−1] is found to
be a simple function of the impact parameter, the peak height of the Chapman layer and its
width [7]. Healy and Culverwell performed a first time simulation with a one-dimensional
Chapman layer, where κ(a) seemed to be a slowly varying function of impact altitude (de-
fined as impact parameter minus radius of curvature minus geoid undulation). This implies
that the temporal variability of the residual error is might captured by the (α1 −α2)2 [rad2]
term. Given the potential improvements on GPS RO level-3 data products, Eq. 2.4 needs to
be investigated for more complex situations.

Our analysis starts with the simulation study, having the advantage that the residual error
can directly be calculated. RO events were simulated with and without ionosphere, making
it possible to calculate the difference between the ionospheric corrected bending angle αC
(simulations with ionosphere) and the neutral bending angle αN (simulations without iono-
sphere) at same time and space. Calculating also the (α1 −α2)2 term enables to study the
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coefficient κ, dependent on time (11 year period), impact altitude a, and space (latitudinal
dependance). If the proposed model for the residual ionospheric error captures the tempo-
ral variability of the residual error, κ should be almost constant with time. After κ has been
assessed, a first bending angle correction using the residual error model is performed. Its
impact is then studied on temperature profiles (see Sec. 4.4).

Finally the error model is tested on real GPS RO data by studying 30◦ zonal monthly averages
of (α1 − α2)2 as a time series over the period of about one solar cycle. Furthermore the
correlation of the term (α1−α2)2 to the solar activity (F10.7 index) is analyzed.
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3 Data sets
3.1 Simulated data

With the EGOPS software (End-to-End Generic Occultation Performance and Processing
System) version 5.5 [5] I performed an End-to-End simulation study, simulating day (12:00
and 15:00, local time) and night time (02:00, local time) profiles, similar to the study in
Danzer et al. [3]. The profiles were simulated for the years 2001 to 2011 via ray tracing
through ionospheric and neutral atmospheric fields. During the simulations the neutral atmo-
sphere was held constant, while the ionosphere was varied for each profile. For the constant
neutral atmosphere I used an operational analysis field provided by the ECMWF (European
Centre for Medium-Range Weather Forecasts) from 1 January 2007 with T42L91 resolution.
The horizontal resolution T42 corresponds to the resolution of RO data (300 km), with data
available at 91 vertical levels (L91).

The non-spherical 3D dimensional ionosphere was simulated with the NeUoG model from
the University of Graz [12, 11]), which is driven by the F10.7 index as an indicator for the
solar activity. The F10.7 index is based on the solar radio flux at a wavelength of 10.7 cm.
The F10.7 data, given on a daily basis, has been downloaded from the website of the Na-
tional Oceanic and Atmospheric Administration, NOAA (ftp://ftp.ngdc.noaa.gov/
STP/SOLAR_DATA/SOLAR_RADIO/FLUX/Penticton_Observed/daily/DAILYPLT.OBS,
2012). I produced events taking place in all Januaries from 2001 to 2011 at latitude band
0◦, 5◦S/N, 10◦S/N, continuing in 10◦ steps until 60◦S/N. Each latitude between 10◦S/N was
simulated at 12 different longitudes in 30◦ steps, above 10◦S/N 60◦ steps were used.

Furthermore I simulated neutral atmospheric events, employing the same ECMWF analysis
field from 1 January 2007, studied at the respective geographic locations, i.e., 0◦, 5◦S/N,
10◦S/N, continuing in 10◦ steps until 60◦S/N, at 12 different longitudes, and above 10◦S/N
simulating 60◦ longitude steps.

In this study the ionospheric corrected bending angle αC , the L1 and L2 bending angles
α1 and α2, as well as the neutral atmospheric bending angle αN were analyzed. Extremely
noisy events were rejected as outliers, using in an altitude range between 50 km to 80 km a
threshold of±7 µrad in difference to the respective neutral atmospheric bending angle at same
occultation location, following the suggestion of Liu et al. [14]. Although no detailed study
on the percentage of rejected profiles was performed, random sampling showed a reduction
of about 5 %, which is in line with results from Liu et al. [14]. The bending angle profiles
were studied as mean profiles averaged over all longitudes within a latitude band, studied
separately for day and night. Additionally the following zonal climatologies were tested:
5◦S to 5◦N, 10◦S to 10◦N, 10◦S to 30◦S, 10◦N to 30◦N, 30◦S to 60◦S and 30◦N to 60◦N.
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3.2 Satellite data

In order to test the ionospheric error model on observational data for the time period of about
one solar cycle, I used GPS RO (Global Positioning System Radio Occultation) data from
the CHAMP (Challenging Mini–Satellite Payload) and COSMIC (Constellation Observing
System for Meteorology) satellite missions. Excess phase profiles and precise orbit infor-
mation were retrieved from the UCAR/CDAAC (University Corporation for Atmospheric
Research/Cosmic Data Analysis and Archive Center) database and further processed with
the EGOPS software version 5.6. CHAMP data were studied from July 2001 until December
2006, COSMIC data were studied from January 2007 until December 2012. COSMIC data
were analyzed on a monthly basis, for CHAMP data a three months moving average was
used, due to the reduced number of profiles for the single satellite mission. Furthermore the
data were processed to 30◦ zonal climatologies, using the CLIPS2 (Climatology Processing
System 2) software, distinguishing day and night local time frames. Profiles between 11:00
to 15:00 local time were took as a representative for day time, profiles between 02:00 to
06:00 represented night time.

In the satellite data study the key observable of interest was the term (α1−α2)2. The quantity
was studied as a time series from the years 2001 until 2012. Furthermore the observables
correlation to the solar activity, i.e., the F10.7 index, was tested. The F10.7 index is given in
[sfu] (solar flux unit), where 1 sfu = 10 −22Wm−1Hz−1. For the F10.7 index data were taken
from the website of the Industrial Plant & Service (IPS) Australia, under http://www.ips.
gov.au/Solar/1/6. They provide smoothed monthly data using a 13 monthly running filter
(first and last half weighting), where all solar radio flux values were obtained from sunspot
numbers using a statistical conversion.
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4 Simulation study
4.1 Initial bending angle analysis

As a primary investigation single day and night time bending angle (BA) profiles αC were
systematically studied for different latitude bands, as a function of impact altitude. As an
example, Fig. 4.1 shows all simulated bending angle profiles between the latitude band 5◦S
to 5◦N, giving a first impression of the sometimes bad bending angle quality (top). In the
bottom plot outliers ±7 µrad were rejected, reducing the number of day profiles (orange) from
383 down to 367, and the number of night profiles (blue) from 341 down to 340. The red line
shows the mean neutral atmospheric bending angle profile between 5◦S to 5◦N. Analyzing
bending angle profiles for other latitude bands showed, that towards higher latitudes the
number of extremely noisy events increases.

In general, in the following series of plots the day time profiles are color schemed in warm
colors, while the night time profiles are color schemed in cold colors. As a start, I decided to
investigate initially only the latitude band 0◦. The residual bending angle error (αC −αN) is
a function of impact altitude a. Since we are interested in the change of this error dependent
on solar activity, I studied the mean day time and night time residual error for each year from
2001 until 2011, dependent on impact altitude, see Fig. 4.2. This plot is extremely illustrative,
since it already exhibits possible problems in the analysis. The residual bending angle error
shows dominantly a value of about ±0.5 µrad (depending on impact altitude), fluctuating
strongly at each impact altitude, sometimes also in the same range of value (∼0.5 µrad).
Hence, when we will study the coefficient κ according to Eq. 2.4, we will face problems
with the magnitude of the noise, which is in a similar range as the residual error itself.
Surprisingly also the night time residual error shows rather large fluctuations. Nevertheless,
one can observe a clear tendency of an increasing residual error at day time in the years of
high solar activity, such as 2001 and 2002, reducing to smaller values in the years of low
solar activity, such as 2007 and 2008.

In Fig. 4.3 the mean residual error is studied as a time series for each year from 2001 until
2011, at three fixed impact alitudes, comparing night and day time profiles. Since the residual
error fluctuates strongly for each year and impact altitude, as shown in Fig. 4.2, the expected
increase of the residual error in the years of high solar activity can not be detected. Studying
in Fig. 4.4 the function (α1−α2)2 as a time series at fixed impact altitudes we find for night
and day time an increase of the magnitude of this function in the years of high solar activity.
During the day this increase is naturally higher than during the night. This result suggests
that the temporal variability in the residual error might be determined by the (α1−α2)2 term.
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Finally, I show in Fig. 4.5 a scatter plot of the residual error versus the (α1 −α2)2 term for
single profiles simulated at 0◦ latitude, studied at the three impact altitudes 50 km, 60 km,
and 70 km. The dependance between those two terms counts to the key relation of this study.
Ideally the two terms (αC − αN) versus (α1 − α2)2 show a straight line, where the fitting
coefficient assigns κ. In this plot we already see that due to noise the single profiles scatter
over about 1 µrad, which makes it difficult to evaluate the fitting coefficient κ(a). Especially
the night time profiles show rather large noise. The magnitude of the noise seems to be
similar to the magnitude of the observable. This affects night time profiles even stronger
since due to the smaller values of the observable the noise has a larger impact. In the next
section I discuss how in this study the noise problem in the data will be handled.

4.2 Vertical averaging of bending angle profiles

In the research article by Danzer et al. [3] the bending angle bias is studied as the difference
between the observed or simulated bending angle and the co-located bending angle of the
MSIS (Mass Spectrometer and Incoherent Scatter Radar) climatology, averaged over an alti-
tude range between 65 km to 80 km. The bending angle bias, studied separately for day and
night profiles, illustrates nicely the increase of the day time bias due to residual ionospheric
errors in the bending angle data, especially in the years of high solar activity. In this study
we are interested on the dependance of the coefficient κ(a) on impact altitude, as well as
time and space. Similar to the just described study, we decided to perform a vertical averag-
ing of the quantities αC(a), α1(a), and α2(a). The observables were averaged at each impact
altitude grid point over an altitude range of 5 km, between 10 km to 75 km. The vertical aver-
aging smoothes the bending angles and respectively, the two terms (αC −αN) and (α1−α2)2,
without losing the information of impact altitude.

Fig. 4.6 shows, exactly as in Fig. 4.2, the residual bending angle error (αC −αN) dependent
on impact altitude a, for mean day and night time profiles from 2001 until 2011. In contrast
to Fig. 4.2, the bending angle data was vertically averaged at each impact altitude. Obviously
the residual error is much smoother than before, suggesting that a study of the residual error
dependent on time now might be possible.

In the top plot of Fig. 4.7 the residual error is studied dependent on time, for mean night and
day time bending angle profiles at fixed impact altitudes. Similar to the results of the bending
angle bias study by Danzer et al. [3], the night time residual error stays constant over time,
while the day time residual error increases in the years of high solar activity. The bottom plot
shows a scatter plot of this mean residual error (∆α) versus the (α1−α2)2 term. Compared to
the previous scatter study this time the noise is reduced, and data fitting, using the method of
least squares, was possible. I tested the least square method by using day and night profiles
together for the regression analysis (blue solid lines), as well as, only day profiles (orange
solid lines). The plot also shows the value of the resulting fitting coefficient κ dependent on
impact altitude a (given in [rad−1]), including and excluding night profiles in the fitting1. The
values for κ are in good agreement with estimated values of κ from calculations [7].

1 Note that the values for the coefficient κ are negative in Fig. 4.7. The reason is that the minus sign from Eq. 2.4
has not been taken into account in this analysis.
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Figure 4.1: Single day and night time bending angle profiles, with (bottom) and without
(top) outlier rejection.
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Figure 4.2: Residual bending angle error dependent on impact altitude for mean night
(blue) and day time (orange) profiles at 0◦ latitude, studied from 2001 until 2011.
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Figure 4.3: Time series of night (top) and day time (bottom) mean residual bending angle
error, illustrated for 0◦ latitude, studied for the three impact altitudes 50 km, 60 km, and
70 km.
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Figure 4.4: Time series of night (top) and day time (bottom) mean (α1−α2)2, illustrated for
0◦ latitude, studied for the three impact altitudes 50 km, 60 km, and 70 km.
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Figure 4.5: Scatter plot of night and day time bending angle residual versus (α1−α2)2 for
all single bending angle profiles at latitude 0◦, studied at the three impact altitudes 50 km,
60 km, and 70 km.
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Finally κ(a) is analyzed in Fig. 4.8 as a function of time, for three fixed impact altitudes for
day time conditions. κ was determined by analyzing (αC −αN)/(α1 −α2)2 for each year, at
latitude 0◦. Obviously for day time conditions κ(a) shows to be maximally a value between
about 0rad−1 < κ(a) < 20rad−1 for each year, being more or less constant with time, fluctu-
ating around a mean value of about κ(a) = 14rad−1. Hence, we can assume that (α1 −α2)2

catches the temporal variability of the residual ionospheric error. Studying night time con-
ditions (not shown), the larger impact of the noise prohibits a similar nice result and κ(a)
fluctuates in a much broader range of values.

4.3 Systematic study of the coefficient κ

In this section κ(a) is studied dependent on impact altitude, for different latitude bands and
zonal averaging. As a primary analysis Fig. 4.9 shows κ(a) for latitude band 0◦. The coeffi-
cient κ was determined with the least square method as shown in the bottom plot of Fig. 4.7,
applied on each impact altitude separately. The l.h.s. of Fig. 4.9 shows the complete func-
tion κ(a), while the r.h.s. shows only the range from 30 km to 80 km altitude. Below 30 km
altitude κ(a) could not reliably be determined. Within this altitude range κ(a) shows values
between 5 rad−1 to 20 rad−1, where below 50 km altitude fluctuations start to increase.

Unfortunately, a reliable study on the dependance of κ on latitude was not possible due to
large fluctuations in the data. We had to concentrate on low latitudes, where the results are
shown in Fig. 4.10. The top plot shows κ studied for single latitude bands, while the bottom
plot compares zonal averaging. The single latitude bands are studied from 10◦N to 10◦S,
ranging from values for κ between about κ(a) = −20rad−1 to κ(a) = 30rad−1. It is notice-
able that northern latitudes show in this study the tendency to lower κ values compared to
southern latitudes. This could be due to simulating southern hemisphere summer conditions.
Personally I think, in order to perform a serious latitudinal study, a larger ensemble setup
needs to be evaluated. In this study the occultation plane was chosen from north to south for
every occultation event, which also produces a selection effect for an event. Varying the oc-
cultation plane produces a larger diversity in the events, whereas choosing always the same
occultation plane simulates at a nearby location most likely a very similar event. If this event
is of bad bending angle quality, or odd in any kind of way, it can get simulated several times.
To reduce this selection effect I also studied zonal bands, and tested different zonal averag-
ing, see bottom plot of Fig. 4.10. This shows a larger consistency between the κ values at
low latitudes. I also included a zonal band between 30◦S to 10◦N, which is the equatorial
day time region, due to simulating southern conditions.

Although the simulation study faced some problems, such as noise and bad bending angle
quality at higher latitudes, it could present some first encouraging results. Clearly, a corre-
lation between the residual ionospheric error and the (α1 −α2)2 term could be shown. First
positive results, supporting Eq. 2.4 have been presented. In the last section of this chapter the
correction will be tested on bending angle data.
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Figure 4.6: Residual bending angle error dependent on impact altitude for mean night
(blue) and day time (orange) profiles at 0◦ latitude, studied from 2001 until 2011. At each
impact altitude a vertical averaging over 5 km was applied.
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Figure 4.7: The top plot shows the vertically averaged residual night and day time bending
angle error dependent on time, while the bottom plot shows the scatter plot of the residual
error versus (α1−α2)2, studied on three impact altitudes and on latitude 0◦.
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Figure 4.8: The coefficient κ dependent on time for day time profiles at latitude 0◦, studied
for three impact altitudes.
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Figure 4.9: The coefficient κ dependent on impact altitude a, plotted for latitude band 0◦.
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Figure 4.10: The coefficient κ dependent on impact altitude, plotted for different latitudes
(top plot) and zonal climatologies (bottom plot).

23 of 41



Ref: SAF/ROM/DMI/REP/VS/24
Issue: Version 1.0
Date: 02 Sep 2014

ROM SAF CDOP-2
Visiting Scientist Report 24

4.4 Testing the residual ionospheric correction

In this section temperature profiles, simulated at 0◦ latitude and longitude were studied from
2001 until 2011. The profiles were simulated with different values of the F10.7 index, ac-
cording to the solar activity in this period of time. Furthermore, the same data set was repro-
duced, applying the residual ionospheric correction (RESIC) on the bending angle data, i.e.,
the neutral atmospheric bending angle was found by

αN(a) = αC(a) + κ(a)(α1(a)−α2(a))2 . (4.1)

The l.h.s. of Fig. 4.11 shows the difference between the temperature profiles simulated with-
out RESIC and the neutral gas temperature field (1 January 2007) in an altitude range be-
tween 10 km to 35 km, from 2001 until 2011. Profiles simulated with highest solar activ-
ity, such as 2001 and 2002, show largest temperature differences, with a maximum value
of about 2 K for 2002 at 35 km altitude. As expected, temperature differences towards the
neutral gas field decrease for lower solar activity. The r.h.s. of Fig. 4.11 shows temperature
differences where RESIC was applied on the simulated bending angle data, according to
Eq. 4.4. The four values κ(a) = 10rad−1, κ(a) = 14rad−1, κ(a) = 16rad−1 and κ(a) = 20rad−1

were tested. In this initial study κ was applied on the bending angle data as a constant factor
with no dependance on impact altitude a. The dependance on impact altitude enters only
from αC(a), α1(a), and α2(a). Obviously, for the highest value of κ(a) = 20rad−1 best re-
sults were achieved, leading to smallest temperature differences, i.e., closest values to the
simulated neutral atmosphere profile.

This initial test study showed that residual ionospheric errors are reduced when applying
RESIC. Even when κ is applied as a constant factor data quality improves and values closer
to the neutral atmosphere profile are retrieved. This supports the assumption that the tem-
poral variability of the residual error (αC −αN) is at least partly captured by the (α1−α2)2

term.

In Fig. 4.12 the magnitude of the residual ionospheric correction is compared to the com-
puted residual ionospheric error, studied at latitude band 0◦ and for day time profiles. From
previous studies we know that for the simulated data at latitude band 0◦, κ is in the order
of κ(a) = 14rad−1, see e.g. Fig 4.7 and Fig 4.9. The residual error (calculated as 5 km verti-
cally smoothed average) is studied dependent on altitude, separately for each simulated year.
The residual ionospheric correction is computed with RESIC, i.e., κ(α1(a)−α2(a))2, using
the retrieved value κ(a) = 14rad−1 from calculations, and for testing reasons, an arbitrary
κ(a) = 30rad−1. Obviously, using the value κ(a) = 14rad−1 from calculations (blue line) very
well matches the computed residual ionospheric error, concluding the residual ionospheric
error model delivers the residual error close to the actual value. However, when using an ar-
bitrary value of κ, a wrong magnitude of the residual error is computed, where in that chosen
case the residual error is overestimated (green line). From this study we can learn two things.
On the one hand RESIC seems to produce the residual ionospheric error. On the other hand,
a very thorough study of the value κ needs to be performed. This will be discussed in detail
in the Summary and Discussion Sec. 6.
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Figure 4.11: Studying the effect of the residual ionospheric correction on temperature pro-
files, studied for different values of κ.
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Finally, once again the residual ionospheric correction is studied on temperature profiles.
This time RESIC is studied for the latitude band 0◦, instead of on a single profile. The cor-
rection is applied on all day time profiles within this latitude band, using the retrieved value
κ(a) = 14rad−1 for the correction. Fig. 4.13 shows the mean temperature profiles, simulated
with different solar activity for each year, relative to the neutral temperature profile. On the
l.h.s. the temperature difference is studied without RESIC up to 50 km, while on the r.h.s.
RESIC has been applied. Clearly when applying the correction the results improved, and
values closer to the neutral temperature were achieved. The relative temperatures show to be
a narrow bunch around zero, with only the exception of the mean profile for the year 2002.
This result further encourages the proposed residual ionospheric correction model, but also
shows the importance of studying the coefficient κ very thoroughly.

With this last plot I close the simulation study concluding that some first positive and encour-
aging results supporting the proposed residual ionospheric error model were found. It could
be shown that the temporal variability of the residual error is captured by the (α1(a)−α2(a))2

term, and that the coefficient κ is a constant value with time. Furthermore, applying the pro-
posed correction on the bending angle data achieved results closer to the neutral atmosphere
profiles. However, at that point also some limits of this study could be detected. It was not
possible to perform a latitudinal study of the coefficient κ, due to high noise in the simulated
data.
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Figure 4.12: Comparing the residual ionospheric correction to the monthly mean day time
residual error at latitude band 0◦, choosing κ(a) = 14rad−1 (blue) and κ(a) = 30rad−1 (green)
in the correction model.
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Figure 4.13: Testing the effect of the residual ionospheric correction on temperature pro-
files, studied for latitude band 0◦ and using the coefficient κ(a) = 14rad−1 from calculations.
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5 Satellite data study
5.1 Initial analysis

In this study CHAMP and COSMIC satellite data have been binned to 30◦ zonal monthly
climatologies and were analyzed from the years 2001 up to 2012. We start the analysis with
investigating the primary quantity of interest, i.e., the term (α1(a)−α2(a))2.

Fig. 5.1 shows the time series of (α1(a)−α2(a))2, comparing separately day time and night
time climatologies, studied at the three impact altitudes 70 km, 60 km, and 50 km. The time
series plots show a clear increase of the quantity (α1(a)−α2(a))2 in the years of high solar
activity (2001, 2002 and 2011, 2012) and a decrease in the years of low solar activity (2007,
2008). Furthermore the magnitude of the quantity depends on the latitude zone, the season,
and also day and night time conditions. Magnitudes decrease towards high latitudes, towards
winter conditions, and from day to night time. Obviously also for night time conditions
remaining ionization effects cause a residual bias. It is to notice that the (α1(a)− α2(a))2

term shows a clear temporal dependance correlated to the solar activity. Furthermore the
quantity is a rather stable function with no large irregular fluctuations, except the results
found at night time high latitude conditions. The fact that noise does not seem to have a
large impact on the temporal term of the model, i.e., (α1(a)−α2(a))2, is an advantage of this
particular ionospheric correction approach.

As a next step, in Fig. 5.2 the residual ionospheric error (∆α) is estimated from the relation
∆α = −κ(α1(a)−α2(a))2, comparing the value κ(a) = 14rad−1 to the value κ(a) = 30rad−1

and using 30◦ zonal monthly climatologies of (α1(a)−α2(a))2 (see also the previous study).
As one can see, the magnitude of the residual is driven by the coefficient κ, which makes
it so crucial to investigate its latitudinal dependance in simulation studies. Many studies
tried to quantify the residual ionospheric error in GPS RO data [e.g., 21, 15, 13, 3, 14],
however the error characterization is difficult and the spatial dependance of the error is not
completely understood. The hope is to gain information about the spatial dependance of κ
from simulation studies. Then observational GPS RO climatologies can get corrected for
their residual ionospheric error, using information from the observations itself, i.e., (α1(a)−
α2(a))2, as well as κ from simulations.

5.2 Correlation to solar activity

As a further investigation the correlation of the (α1−α2)2 term to the solar activity is studied.
Since the assumption is that (α1−α2)2 catches the temporal evolution of the sun (∼11-years
solar cycle), a strong correlation leading to a linear dependance is expected.
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Figure 5.1: Time series of (α1−α2)2, studied for day time (l.h.s.) and night time (r.h.s.) 30◦

zonal monthly mean satellite data on three different impact altitudes.
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Figure 5.2: Time series of day time (l.h.s.) and night time (r.h.s.) ionospheric residual, es-
timated for two values of κ, using 30◦ zonal monthly mean satellite data at impact altitude
50 km.
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Figure 5.3: Monthly mean solar radio flux (F10.7 index).

First of all, in Fig. 5.3 the solar activity is plotted dependent on time, using the F10.7 index as
the measurement observable. Data is taken from the website of the Industrial Plant & Service
(IPS) Australia, which provides a smoothed monthly data set. The F10.7 index measures the
solar radio flux per unit frequency at a wavelength of 10.7 cm. It is given in sfu (1 sfu =

10 −22Wm−1Hz−1). The period from 2001 until the end of 2012 involves already two cycle
maxima (2001, 2002 and 2011, 2012) and also the minimum years (2007, 2008, 2009).

Comparing Fig. 5.1 with Fig. 5.3 already suggests a correlation between the two quantities.
However, since (α1 −α2)2 is a quantity dependent on solar cycle, season, and latitude (ne-
glecting the dependance on impact altitude) and the F10.7 index depends only on the solar
cycle, perfect correlation can not be expected. For this reason I correlated the two quantities
separately for each month in order to get rid of the seasonal dependance. Fig. 5.4 studies
the monthly day time and night time correlation at impact altitude 50 km. One can observe
a positive correlation between the solar activity and the (α1−α2)2 term, however, there exist
also large outliers. There are several reasons for that. First of all, the measurements itself
contain errors (RO data sets, F10.7 data sets). Secondly, smoothed F10.7 data was used. For
example, the website of NOAA provided until the year 2012 daily F10.7 data. Calculating the
monthly average of the daily NOAA F10.7 data leads to a stronger fluctuating monthly solar
cycle with values up to about 240 sfu in the maximum year 2001, compared to the smoothed
values of IPS. Finally, always the same solar cycle data set was correlated with different data
sets of (α1 −α2)2, i.e., data sets dependent on season, latitude, and in our case, also time of
day. Despite all these limiting reasons for perfect correlation, a clear dependance between
the two quantities could be detected.

As a last plot in this study I show in Fig. 5.5 for 30◦ zonal observational GPS RO data the
possible residual ionospheric error, for different values of κ. The error is correlated with the
F10.7 index and studied for the month July at the two low latitude bands 15◦ and −15◦. The
residual error is defined as −κ(α1(a)−α2(a))2. It shows a clear linear dependance on the solar
activity, where the magnitude of the residual error increases with increasing κ.
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Figure 5.4: Correlation of (α1 −α2)2 with F10.7 index, for day time (l.h.s.) and night time
(r.h.s.) satellite data at impact altitude 50 km, studied separately for all months.
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Fig. 5.4 and Fig. 5.5 confirmed also for the case of observational GPS RO data that the
dependance of the residual ionospheric error on the solar cycle is at least partly captured
by the (α1 −α2)2 term. The magnitude of the correction depends on the coefficient κ. Since
at that point of the study I was not able to determine the latitudinal dependance of κ, no
correction on the observational climatologies will be applied. I close the observational data
analysis with the conclusion that the approach seems to be very promising, and refer to Sec. 6
for the final discussion.
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Figure 5.5: Correlation of day time ionospheric residual with F10.7 index, estimated for
different values of kappa, studied for satellite data at impact altitude 50 km in the month
July.
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6 Summary, discussion and outlook
Residual ionospheric errors are a topic of major concern in GPS RO data. Tests showed that at
bending angle level and 30 km altitude residual errors of the order of about 0.05 µrad, add an
error of about 0.5 K in temperature (e.g., studies Rocken et al. [16, 17], Schreiner et al. [18]).
Various first order ionospheric corrections reduce the ionospheric error, but studies showed
that residual errors are still a problem, see e.g., Mannucci et al. [15], Liu et al. [13], Danzer
et al. [3], Liu et al. [14].

In this study a new model for the residual ionospheric error was introduced and tested. In a
first attempt the model was analyzed in a simulation study, in a second attempt it was applied
to real observational GPS RO data. The model itself is based on the bending angles α1(a)
and α2(a), and the coefficient κ(a), where a is the dependance on impact altitude. Basically
the model is constructed out of two terms: A temporal term, given by the difference of the
bending angles α1 and α2 squared, and a time constant term κ(a). The temporal term depends
on the solar activity, i.e., the state of the ionosphere, increasing and decreasing with the solar
cycle. It is assumed to catch the temporal evolution of the residual ionospheric error. The
time constant factor κ(a) is related to the magnitude of the residual ionospheric error, which
depends on season and geographic location.

In the first part of the analysis I simulated globally day and night time bending angle profiles
for the month January, from 2001 until 2011, with and without ionosphere, using the NeUoG
model for simulating the non-spherical ionosphere. The NeUoG model is driven by the F10.7
index and the profiles simulated with ionosphere were modeled according to the solar cycle
in this period of time, using observational F10.7 data. Extremely noisy bending angles with
values larger or smaller than ±7 µrad in an altitude range between 50 km to 80 km were
rejected as outliers.

In the simulation study it was possible to investigate the residual ionospheric error directly
as the difference between a bending angle profile simulated with ionosphere and the co-
located neutral atmospheric bending angle profile. Furthermore, the residual error could be
studied from the proposed error model. One of the main goals was to see if the temporal
term of the model catches the temporal behavior of the residual ionospheric error. Since the
residual error is a very small number (less than about 0.3µrad) and the noise of the data
was in the same order of magnitude, it was difficult to study correlation. Hence, I decided to
perform a vertical smoothing of the data, by averaging over ±2.5 km from above to below
the studied impact altitude. After having performed the vertical smoothing step of the data,
it was possible to detect a clear correlation signal between the residual ionospheric error and
the temporal term of the model, at least at low latitudes. At mid to high latitudes the noise
of the simulated data was still a remaining problem. From the correlation study, κ(a) could
be calculated as the coefficient of the linear fit. It was found to be at low latitudes in the
same range of values as obtained from one-dimensional Chapman layer calculations, which
is about κ(a) = 14rad−1, being relatively constant with impact altitude.
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Finally, a first attempt of correcting bending angle data with the proposed error model was
conducted. Tested for the latitude band 0◦, temperature profiles simulated with ionosphere
were studied as a difference to the co-located neutral atmospheric temperature profiles. This
temperature difference was analyzed for profiles where no ionospheric correction was ap-
plied and for profiles were the model correction was applied. Clearly, when applying the
residual ionospheric correction, the difference to the neutral atmospheric profiles reduced,
i.e., the residual influence of the ionosphere got smaller, which is a very encouraging result.

The study with observational satellite data was performed in the time period from 2001
to 2012, using bending angle data from the CHAMP and COSMIC satellite missions. The
temporal term of the proposed residual error model, which contains only the two GPS RO
quantities α1 and α2, was studied for 30◦ zonal climatologies. A very distinct increase of the
magnitude of the studied temporal model term in times of high solar activity, and decrease
in times of low solar activity, could be observed. In general, the advantage of the temporal
model term is that it is between 50 km to 70 km impact altitude in the order of between
about 1000µrad2 to 12000µrad2, depending on latitude, season, and solar activity. Due to
these large magnitudes noise does not play a significant role, leading to a rather clean time
dependent correction function. Correlating the temporal model term with the solar activity
and using the F10.7 index as tracer for the solar activity, indicated a positive correlation,
however with large fluctuations. For that several explanations exist: Possible measurement
errors, the usage of smoothed F10.7 data, and most importantly, the temporal model term
depends on latitude, season, and solar activity, while the F10.7 index depends only on the
solar activity. Despite these limiting reasons for a very strong linear correlation it could be
shown that the two functions correlate and that the temporal model term will probably correct
for the temporal dependance of the residual ionospheric error. However, the magnitude for
the correction of the residual error depends on the coefficient κ.

This already leads over to the discussion part. In order to be able to apply the proposed
residual ionospheric error model it is crucial to determine the spatial dependance of the
coefficient κ. In this study it was the goal to perform a thorough spatial investigation of κ
in the simulation study. However, it was not possible to study κ at mid to high latitudes due
to large fluctuations of the bending angle profiles which were simulated with ionosphere.
The problem is that the determination of κ through a linear fit requires on the one hand the
study of the bending angle difference between profiles simulated with ionosphere and the co-
located neutral atmosphere profiles, i.e., the residual ionospheric error, and it requires on the
other hand the determination of the temporal model term. While the temporal model term is,
as mentioned, a quantity with a large magnitude and therefore rather unaffected from noise,
the residual error is a very small number, where noise automatically plays a significant role.
This leads to sometimes large fluctuations which affects the determination of κ.
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In order to be able to perform a thorough latitudinal investigation of the coefficient κ I sug-
gest to repeat the simulation study and produce a larger ensemble. Studying such small mag-
nitudes needs a large statistics in order to reduce noise. Furthermore, there is the goal to
perform improvements in the NeUoG model, since there exist some known problems in the
ray tracing procedure. Maybe with the larger ensemble and the improvements in the ray trac-
ing it will be possible to determine κ also at mid and high latitudes. As another idea, there
exists also the possibility to study the coefficient κ from a different perspective. The idea
is to also use MIPAS (Michaelson Interferometer for Passive Atmospheric Sounding) and
SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) data, which
is currently prepared and validated at the WEGC against GPS RO data, for the residual iono-
spheric error study. The MIPAS and SABER instruments provide high quality data also up
to altitudes of 80 km. One could retrieve the residual ionospheric error by studying GPS RO
bending angle climatologies against co-located MIPAS and SABER bending angle clima-
tologies. As a next step the correlation of the retrieved residual ionospheric error with the
temporal model term could be studied in order to determine the coefficient κ from a linear
fit. The results can then be compared to the results from the repeated simulation study.

As a concluding remark there is to mention that the proposed residual error model is proba-
bly mainly suited for performing a bending angle correction on bending angle climatologies,
i.e., it is understood as a climatological correction, instead of applying it on single bending
angle profiles. The reason is that the coefficient κ(a) needs to be determined for this cor-
rection, which is probably only possible to conduct in a climatological sense, and not for
single profiles. Only if the coefficient is found to be very insensitive with latitude and longi-
tude I assume that it could be applied also to single profiles. Recently, it has been proposed
for climatological studies with GPS RO data to perform the averaging of the atmospheric
parameters already in bending angle space [1, 6, 2, 4]. This avoids the usage of a priori in-
formation in the data through a complicated statistical optimization step, which was detected
to be a major error source between the main processing centers of GPS RO data [8, 20].
Using observational bending angle climatologies up to an altitude of 80 km requires also to
take the residual influence of the ionosphere in the satellite data into account. The residual
ionospheric error model would be highly suited for this specific approach of climatological
studies.

Summarized, this study showed some very encouraging first results in the simulation study,
as well as satellite data study, supporting the residual ionospheric error model. Although a
thorough latitudinal investigation of the coefficient κ was not possible, it became clear from
this work to further engage in the study of the proposed model.
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6.1 Acronyms and abbreviations

CDAAC Cosmic Data Analysis and Archive Center
CLIPS2 Climatology Processing System 2
DMI Danish Meteorological Institute (ROM SAF Leading Entity)
ECMWF The European Centre for Medium-Range Weather Forecasts
EGOPS End-to-End Generic Occultation Performance and Processing System
EUMETSAT European Organisation for the Exploitation of Meteorological Satel-

lites
CHAMP Challenging Mini–Satellite Payload
COSMIC Constellation Observing System for Meteorology
GPS Global Positioning System (US)
IPS Industrial Plant & Service
Met Office United Kingdom Meteorological Office
MIPAS Michaelson Interferometer for Passive Atmospheric Sounding
MSIS Mass Spectrometer and Incoherent Scatter Radar
RO Radio Occultation
ROM SAF Radio Occultation Meteorology SAF (former GRAS SAF)
SABER Sounding of the Atmosphere using Broadband Emission Radiometry
SAF Satellite Application Facility (EUMETSAT)
UCAR University Corporation for Atmospheric Research
UTLS Upper Troposphere and Lower Stratosphere
WEGC Wegener Center for Climate and Global Change
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