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Abstract

In this study, a new model was explored, which corrects for higher order ionospheric
residuals in global positioning system (GPS) radio occultation (RO) data. Recently,
the theoretical basis of this new “residual ionospheric error model” has been out-
lined (Healy and Culverwell, 2015). The method was tested in simulations with a one-5

dimensional model ionosphere.
The proposed new model for computing the residual ionospheric error is the product

of two factors, one of which expresses its variation from profile-to-profile and from time-
to-time in terms of measurable quantities (the L1 and L2 bending angles), the other of
which describes the weak variation with altitude. A simple integral expression for the10

residual error (Vorob’ev and Krasil’nikova, 1994) has been shown to be in excellent
numerical agreement with the exact value, for a simple Chapman layer ionosphere. In
this case, the “altitudinal” element of the residual error varies (decreases) by no more
than about 25 % between ∼ 10 and ∼ 100 km for physically reasonable Chapman layer
parameters. For other simple model ionospheres the integral can be evaluated exactly,15

and results are in reasonable agreement with those of an equivalent Chapman layer.
In this follow-up study the overall objective was to explore the validity of the new

residual ionospheric error model for more detailed simulations, based on modelling
through a complex three-dimensional ionosphere.

The simulation study was set up, simulating day and night GPS RO profiles for the20

period of a solar cycle with and without an ionosphere. The residual ionospheric error
was studied, the new error model was tested, and temporal and spatial variations of the
model were investigated. 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 perform25

a thorough latitudinal investigation of the performance of the model, first positive and
encouraging results were found at low latitudes. Furthermore, first application tests of
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the model on the data showed a reduction on temperature level of the ionospheric
residual at 40km from about −2.2 to −0.2K.

1 Introduction

The Radio Occultation (RO) technique gains information about the physical proper-
ties of a planetary atmosphere by detecting a change in a radio signal when it passes5

through this atmosphere. With the instalment 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 (1227.60 MHz), the RO technique has pro-
vided high quality profiles in the upper troposphere and lower stratosphere (UTLS)
since 1995, see e.g., Kursinski et al. (1997); Steiner et al. (2001); Hajj et al. (2002). It10

has the advantage of all-weather capability, high-vertical resolution, and global cover-
age. RO data have significantly reduced systematic errors in global weather analysis
(e.g., Healy and Thépaut, 2006; Cardinali and Healy, 2014) and are very useful for
climate monitoring (e.g., Foelsche et al., 2009).

The measured observable during an RO event are the phase delays of the trans-15

mitted electromagnetic signals L1 and L2, which are detected at a Low Earth Orbit
(LEO) satellite. From the primary quantity of phase delay, bending angles and, after
further processing, geophysical information such as temperature and pressure, can be
obtained. However, the total phase delay of the signals consists of neutral atmospheric
phase delays as well as ionospheric phase delays. In order to be able to study the20

characteristics of the neutral atmosphere, the use of an ionospheric correction proce-
dure is necessary. To first order it is possible to remove the ionospheric contribution,
see, e.g., Spilker (1980); Vorob’ev and Krasil’nikova (1994); Ladreiter and Kirchengast
(1996); Syndergaard (2000). Nevertheless, higher order ionospheric residuals remain,
which affect the climate monitoring capability especially in the stratosphere.25

The remaining residual ionospheric error is a function which varies with the 11 year
solar cycle, being higher at day time compared to night time (Danzer et al., 2013).
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There is concern about the impact of this residual ionospheric error on GPS RO level-
3 products1 (Mannucci et al., 2011). The sensitivity of temperature level-3 products
towards small bending angle biases has been tested. Adding a bending angle bias of
0.05 µrad to an entire bending angle, resulted in about 0.5 K difference at 30 km altitude
in temperature (e.g., studies by Rocken et al., 2008, 2009; Schreiner et al., 2011).5

For comparison, solar maximum and day time conditions shows bending angle biases
of about 0.3 µrad, emphasizing the importance of a better understanding of residual
ionospheric errors.

Residual ionospheric errors are often described as the omission of higher order mag-
netic terms in the ionospheric refractive index. It has been noted by Healy and Culver-10

well (2015) that the research article by Vorob’ev and Krasil’nikova (1994) contains an
integral expression (their Eq. 22), valid for a one-dimensional ionosphere with no mag-
netic field. This is a mathematical correction to the usual Abel integral formula for the
bending angle in terms of the refractivity, rather than a physical correction for neglected
processes. The former turns out, however, to be a systematic correction, whereas the15

latter depends on the direction of the magnetic field. It is reasonable to expect, then,
that in a climatological sense, Vorob’ev and Krasil’nikova’s expression would be the
dominant one.

Healy and Culverwell made calculations based on this expression which showed that
it produces residual errors comparable to those produced in more complex simulations.20

They also noticed that in this model there is a simple relationship between the residual
error and the L1 and L2 bending angles α1, α2, which allows the former to be written
as the product of rapidly varying term, which can be calculated from observable quanti-
ties, and a more slowly varying term (in altitude and, potentially, time, see Sect. 2). The
first term depends on the square of the Total Electron Content TEC (i.e., the vertically25

1ROM 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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integrated electron number density), as does the residual error itself. The second term
depends weakly on more subtly varying parameters of the ionosphere, such as its peak
height and thickness. These vary, more slowly, with the season and geographic loca-
tion. Preliminary results with idealized simulated bending angles showed reasonable
agreement between theory and simulated observation, and this prompted the current5

study, which compares the theory to more realistic simulated radio occultation data.
The proposed new residual ionospheric error model is mainly suited for perform-

ing 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.
Recently, it has been proposed for climatological studies with GPS RO data to perform10

the averaging of the atmospheric parameters already in bending angle space (Ao et al.,
2012; Gleisner and Healy, 2013; Danzer et al., 2014). This avoids the usage of a priori
information in the data through a complicated statistical optimization step, which was
detected in the ROtrends study to be a major error source between the main process-
ing centers of RO data (Ho et al., 2012; Steiner et al., 2013). In the newly introduced15

bending angle averaging approach the observational bending angle climatologies are
used up to an altitude of 80 km, which requires account to be taken of the influence of
the ionosphere. The proposed residual ionospheric error model of this study would be
highly suited for the bending angle averaging approach.

In this specific follow up study the work of Healy and Culverwell is extended, by test-20

ing the new residual ionospheric error model for a more complex situation, using simu-
lated GPS RO data (see description of data, Sect. 3). RO events were simulated from
2001 until 2011, modelling according to the solar cycle a 3-dimensional non-spherical
ionosphere through which the L1 and L2 signals pass. Furthermore co-located neutral
atmospheric profiles were simulated. Monthly-mean residual ionospheric errors were25

computed, testing its temporal, as well as, spatial variability. The key question was if the
proposed error model captures the simulated residual error as a function of time and
space (Sect. 4.1). Furthermore, first tests of correcting the residual error on bending
angle level were performed, and its effect was studied on temperature level (Sect. 4.2).
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The study should help us to say whether the residual ionospheric error model is
applicable to the more complex situation of a 3-dimensional non-spherical ionosphere.

2 Residual ionospheric error model

To first order the ionospheric corrected bending angle αC is given by (using the formu-
lation from Vorob’ev and Krasil’nikova, 1994)5

αC(a) =
f 2
1 α1(a)− f 2

2 α2(a)

f 2
1 − f

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
centre of refraction).

It is known that the magnitude of the residual ionospheric errors corresponds to10

the ionospheric electron density values, i.e., larger electron densities produce larger
residual errors. Vorob’ev and Krasil’nikova (1994) 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), thus2:15

∆α(a) ∝ a
∞∫
a

(2r2 −a2)

(
d
(
n2
e

)
dr

)
(r2 −a2)3/2

dr

∝ TEC2

Hf 4
× some slowly varying function of a and r0, (2)

2The numerator of VK94 Eq. (22) differs slightly, which has however no significant impact on
the error estimate.
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where r is the radial ray path coordinate, H is some measure of the thickness of the
ionosphere and r0 is the height of its peak. On the other hand, the ionospheric bending
is related to the vertical integral of the gradient of electron density, thus:

α(a) ∝ a
∞∫
a

(
d(ne)

dr

)
(
r2 −a2

)1/2
dr

∝ TEC

f 2
×another slowly varying function of a and r0. (3)5

The last two equations suggest a relationship between the residual and the actual
bending angle. Healy and Culverwell calculated the residual ionospheric error for the
case of a Chapman layer ionosphere, and found, as expected from the above, that the
residual error ∆α(a) as a function of impact parameter a can be written:

∆α(a) = αC(a)−αN (a) = −κ(a)(α1(a)−α2(a))2 , (4)10

with αC(a) being the first order ionospheric corrected bending angle (see Eq. 1) and
αN (a) being the neutral atmospheric bending angle. The residual ionospheric error in
Eq. (4) is written as the product of two terms, thus:

αC(a)−αN (a) . . . Residual error, ∝ TEC2

(α1(a)−α2(a))2 . . . Rapidly varying term, ∝ TEC2
15

κ(a) . . . Slowly varying term, independent of TEC.

(Differencing the L1 and L2 bending angles removes the neutral bending angle, which
is the principal component of the bending below about 40 km.) The simple expression
in Eq. (4) for the residual error is the key formula in this study. κ(a) can be written
as a relatively simple function of the impact parameter, the peak height of the Chap-20

man layer and its width (Healy and Culverwell, 2015). These authors calculated the
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bending and its residual for a one-dimensional Chapman layer, and showed that κ(a)
was indeed a slowly varying function of impact altitude (defined as impact parameter
minus radius of curvature minus geoid undulation). For example, for a Chapman layer
of width H =∼ 75 km and peak height r0 =∼ 300 km, κ decreases monotonically from
about 16rad−1 at ∼ 10 km to about 12rad−1 at ∼ 100 km. For a range of realistic r0s5

and Hs, κ varies by less than a factor of two at any given height between ∼ 10 and
∼ 100 km.

We suggest that the new model term (Eq. 4) might be important for producing clima-
tologies, if the (α1(a)−α2(a))2 term captures the main temporal variability of the residual
error. Given the potential improvements on GPS RO level-3 data products that might10

arise from the application of Eq. (4), it is clear that the model needs to be investigated
for more realistic data and more complicated situations. Such a study is the focus of
the current paper.

We perform a simulation study, since this has the decisive advantage that the resid-
ual error ∆α(a) can be calculated directly. RO events were simulated with and with-15

out a model ionosphere, making it possible to calculate the difference between the
ionospheric corrected bending angle αC(a) (simulations with ionosphere) and the neu-
tral bending angle αN (a) (simulations without ionosphere) at same time and space.
Calculating also the (α1(a)−α2(a))2 term enables us to study the coefficient κ(a), de-
pendent on impact parameter a, space (latitudinal dependence), as well as any time-20

dependence not appearing in the bending angle differences themselves (Sect. 4.1). If
the (α1(a)−α2(a))2 term in the proposed model for the residual ionospheric error (Eq. 4)
captures the rapid temporal variability of the residual error, then κ(a) should be almost
constant with time. After κ(a) has been assessed, a first bending angle correction us-
ing the residual error model can be performed (see Sect. 4.2). For the correction of the25

bending angle profiles Eq. (4) is simply rewritten and the neutral atmospheric bending
angle is found by

αN (a) = αC(a)+ κ(a)(α1(a)−α2(a))2 , (5)
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which we call from now on the “residual ionospheric error correction” (RESIC).
The advantage of the RESIC model is that the rapidly varying component of the

residual error can be directly calculated from the GPS RO data. Hence the solar cycle
dependency can be captured quite easily. However, the coefficient κ(a) from the model
needs to be determined, either from simulation studies or theoretical models, before5

Eq. (5) can be applied to real observational bending angle climatologies.

3 Data sets

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, simulating day time (12:00 and 15:00 LT) and night time (02:00 LT) profiles, sim-10

ilar to the study in Danzer et al. (2013). The profiles were simulated for the years 2001
to 2011 via ray tracing through ionospheric and neutral atmospheric fields. During the
simulations the neutral atmosphere was held constant, while the ionosphere was var-
ied for each profile according to the solar cycle in this period of time. For the constant
neutral atmosphere we used an operational analysis field provided by the ECMWF15

(European Centre for Medium-Range Weather Forecasts) from 1 January 2007 (i.e., in
the middle of the period under discussion) at T42L91 resolution. The horizontal reso-
lution T42 corresponds to the resolution of RO data (300 km), with data available at 91
vertical levels (L91).

The non-spherical three-dimensional ionosphere was simulated with the NeUoG20

model from the University of Graz (Leitinger et al., 1995; Leitinger and Kirchengast,
1997), 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 and is given in [sfu]
(solar flux unit), where 1sfu = 10−22 Wm−2 Hz−1. The F10.7 data, given on a daily ba-
sis, has been downloaded from the website of the National Oceanic and Atmospheric25

Administration, see NOAA (2012). Figure 1 shows the F10.7 data on a monthly basis
for the years 2001 until 2011. We produced events taking place in all Januaries from
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2001 to 2011 at latitude bands 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;
poleward of 10◦ S/N, 60◦ steps were used.

Furthermore, we simulated neutral atmospheric events, employing the same
ECMWF analysis field from 1 January 2007, studied at the respective geographic lo-5

cations, 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(a), the L1 and L2 bend-
ing angles α1(a) and α2(a), as well as the neutral atmospheric bending angle αN (a)
were analyzed. Extremely noisy events were rejected as outliers, using a thereshold10

difference from the colocated neutral atmospheric bending angle of ±7 µrad in the alti-
tude range 50 to 80 km, following the suggestion of Liu et al. (2015). Random sampling
showed a reduction of about 5 %, which is in line with results from Liu et al. (2015).
Furthermore, due to large fluctuations in one of the main quantities of interest, i.e.,
(αC(a)−αN (a)), all bending angle profiles were vertically averaged at each impact al-15

titude grid point over an altitude range of 5 km, between 10 to 75 km. The vertical
averaging step smooths the bending angles and respectively, the term (αC(a)−αN (a)),
without losing the information of impact altitude a.

Finally, the bending angle profiles were studied as mean profiles averaged over all
longitudes within a latitude band, studied separately for day and night. Additionally the20

following zonal climatologies were tested: 5◦ S to 5◦N, 10◦ S to 10◦N, 10 to 30◦ S, 10 to
30◦N, 30 to 60◦ S and 30 to 60◦N.

4 Simulation study

The key quantities of interest in the simulation study are the residual ionospheric er-
ror (αC(a)−αN (a)), the model term (α1(a)−α2(a))2, and the coefficient κ(a). In this25

section the temporal dependance of the first two quantities was investigated and the
coefficient κ(a) was determined from a correlation analysis between those two. Fur-
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thermore, a first test of applying the residual error model on bending angle data was
performed.

4.1 Initial study of the model

As an initial analysis we investigated for the latitude band 0◦ the residual error and
the model term as a function of time. Figure 2a shows the mean day time and night5

time residual error, studied at different impact altitudes, while Fig. 2b shows for the
same data set the model term (α1(a)−α2(a))2. Similar to the results of the day time
and night time bending angle bias study performed by Danzer et al. (2013), we find
that the night time residual error stays relatively constant over the period of a solar
cycle, while the day time residual error shows a clear increase in magnitude in the10

years of high solar activity. As one can observe, the night time residual ionospheric
error fluctuates between about ±0.05 µrad, while the day time residual error shows
maximally an error of about −0.25 µrad at impact altitude of 70 km, and a minimum
value of about −0.05 µrad.

Since the residual error is a very small number, we could observe that noise has15

a significant impact in the residual error analysis. The noise in the simulated data was
about in the same order of magnitude as the residual error itself, which led to occa-
sionally large fluctuations in the quantity (αC(a)−αN (a)), with an even larger impact
on the night time data due to an increased signal-to-noise ratio. Hence, we decided
to perform a vertical smoothing step, as described in the data Sect. 3, which reduced20

these large fluctuations and led to the illustrated results in Fig. 2a. On the other hand,
the quantity studied in Fig. 2b, i.e., (α1(a)−α2(a))2, shows very large values up to al-
most 25 000 µrad2. In that case, noise did not play a significant role, and a very stable
and smooth function for night and day time bending angle data was found, showing
a distinct increase in times of high solar activity. Even the night time data showed25

a clear, although smaller, dependence on the solar cycle, indicating remaining ioniza-
tion effects at night. Figure 2b is of special interest, since it shows that the model term
(α1(a)−α2(a))2 is a function depending strongly on solar activity, i.e., the solar cycle.
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This further supports the hypothesis of Healy and Culverwell that the major part of
the temporal dependence of the residual error is mainly captured by the model term
(α1(a)−α2(a))2.

As a next step, we studied in Fig. 3 the correlation between the two quantities shown
in Fig. 2. We could detect a clear linear dependence and data fitting, using the method5

of least squares, was possible. The least squares method was applied, using both day
and night time profiles together for the regression analysis (blue lines), and fitting just
the day profiles (orange lines) because of the larger noise on the night profiles. The
resulting fitting coefficients κ(a) dependent on impact altitude a (given in [rad−1]) are
listed in Fig. 33. The values for κ are in good agreement with estimated values of κ10

from calculations (Healy and Culverwell, 2015).
Finally κ(a) was analyzed in Fig. 4 as a function of time, for three fixed impact alti-

tudes and day time conditions. κ was determined by computing −(αC −αN )/(α1−α2)2

for each year, at latitude band 0◦. Clearly, for day time conditions κ(a) is between about
0 rad−1 and 20rad−1 for each year, being more or less constant with time, fluctuating15

mainly between about κ(a) = 6rad−1 to κ(a) = 14rad−1. Furthermore, κ(a) only slightly
varies with altitude, showing the tendency to decrease with increasing altitude, see also
fitting coefficients of Fig. 3. For night time conditions (not shown), the larger impact of
the noise prohibited a similar analysis and κ(a) fluctuated over a much broader range
of values.20

In order to perform a latitudinal investigation of the coefficient κ(a) the same studies
have been performed for other latitude bands and also for different zonal climatologies
(see description of the simulated data, Sect. 3). While it was possible to study κ(a)
at low latitudes and tropical zonal bands, see the report by Danzer (2014), it was not
possible to retrieve κ(a) at mid to high latitudes, due to problems with noise in the25

simulated data. As already discussed, the small magnitude of the residual error and

3Note that the values for the coefficient κ are negative in Fig. 3. The reason is that the minus
sign from Eq. (4) has not been taken into account in this analysis.
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the magnitude of the noise are in a similar range which led to problems of estimating
κ(a).

Nevertheless, the results shown in this section support the hypothesis that the model
term (α1 −α2)2 captures the major part of the temporal variability of the residual iono-
spheric error, while the coefficient κ(a) only slightly varies with altitude and shows5

values similar to the results found by Healy and Culverwell (2015).

4.2 Testing the model

In this section the proposed model for correcting the residual ionospheric error in GPS
RO data is tested. As an initial investigation the correction was applied on all simulated
day time bending angle profiles in the latitude band 0◦, using Eq. (5) (RESIC), to retrieve10

the assumed neutral atmospheric bending angle.
From the one-dimensional simulation study performed by Healy and Culverwell

(2015) and from first results in this study, we know that the coefficient κ(a) varies
only little with impact altitude. Hence, in this first test κ was assumed to be constant
with height. We chose for the coefficient the retrieved value κ = 14rad−1 from simu-15

lations (see Figs. 3 and 4), and also as a comparison an arbitrary and larger value
κ = 30rad−1. Figure 5 shows the simulated residual error (αC(a)−αN (a)) (orange line)
in the latitude band 0◦ dependent on impact altitude, separately for each year from
2001 until 2011. The blue line shows the calculated residual error from the model, i.e.,
−κ(α1(a)−α2(a))2, using κ = 14rad−1, while the green line shows the results when20

using κ = 30rad−1. Figure 5 shows the increased residual error in the years of high
solar activity (2001 and 2002, orange line) and the decreased residual error in the
minimum years (2007 and 2008, orange line). Furthermore, the plot demonstrates that
the residual error computed with RESIC very well matches the residual error studied
as a difference between profiles simulated with ionosphere and neutral atmospheric25

profiles, when using for κ the retrieved value κ = 14rad−1. The RESIC model captures
the temporal variability of the residual error, i.e., the model increases and decreases
according to solar activity. However, when using an arbitrary value of κ, a wrong mag-
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nitude of the residual error is computed (green line). From this figure we can learn two
things. On the one hand, RESIC seems to calculate the residual ionospheric error very
well and the major part of the temporal variability seems to be in the (α1(a)−α2(a))2

term. On the other hand, a very thorough study of the value κ needs to be performed
in order to correct for the right magnitude of the residual error.5

As a next step, in Fig. 6, the impact of the residual ionospheric correction on temper-
atures derived from bending angles is studied. The correction was once again applied
on all day time profiles within the latitude band 0◦, testing three values of κ in the cor-
rection, i.e., κ = 10,14,20 rad−1. Figure 6 shows the mean of the temperature profiles,
simulated with different solar activity for each year, relative to the co-located mean of10

the neutral temperature profiles. The top left plot illustrates the temperature difference
without a model correction being applied, which corresponds to setting κ = 0. However,
the other plots show the results when RESIC is applied on the bending angle profiles,
testing the sensitivity of RESIC by using different values of κ. In the top left plot we find
that profiles simulated with highest solar activity, such as 2001 and 2002, show largest15

temperature differences relative to the neutral atmospheric temperature profile, while
towards lower solar activity, temperature differences decrease. Using κ = 10 or κ = 14
has a positive effect on the temeprature profiles; values much closer to the neutral gas
results were achieved, leading to a bunching of the profiles around zero. For example,
in the high solar activity year 2002, the obtained simulated residual error in temperature20

was about −2.2K at 40km altitude (top left plot), which reduced after applying RESIC
to an error of about−0.2K, for κ = 10rad−1 (top right plot), and an error of about 0.4K
for κ = 14rad−1 (bottom left plot). The coefficient κ = 14rad−1 shows slightly worse re-
sults above about 40km than the coefficient κ = 10rad−1, resulting probably due to
the slowly varying latitudinal element of κ(a), i.e., κ(a) decreases with altitude. Using25

κ = 20rad−1 (bottom right plot) over corrects the bending angle data, but the distribu-
tion of profiles is still a bit narrower than setting κ = 0, except for the year 2002.
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Figure 6 shows strong support for the proposed error model to be able to correct for
ionospheric residuals. Furthermore, it emphasizes the importance of finding the correct
value for the coefficient κ(a).

5 Discussion and conclusions

Residual ionospheric errors are a topic of major concern in GPS RO data. Sensitiv-5

ity 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. Various first or-
der ionospheric corrections reduce the ionospheric error, but residual errors are still
problematic, see e.g., Mannucci et al. (2011); Danzer et al. (2013); Liu et al. (2013,
2015).10

Recently, a new model for correcting the residual ionospheric error, suitable for
bending angle climatologies, was introduced and tested for simulations with a one-
dimensional Chapman layer ionosphere (Healy and Culverwell, 2015). The proposed
model is a product of two terms, one rapidly varying and one slowly varying. The first
term depends on the solar activity, i.e., the state of the ionosphere, increasing and15

decreasing with the solar cycle, while the second term models the weak variation in
altitude of the residual error, varying also weakly with season and geographic location.

This study was a follow up investigation which explored the proposed model for
a more complex simulation with a three-dimensional ionosphere. The simulation study
enabled the investigation of the residual ionospheric error directly as the difference20

between bending angle climatologies simulated with ionosphere and their co-located
neutral atmospheric bending angle climatologies. Furthermore, the residual error was
computed from the new residual ionospheric error model. One of the main goals was
to check the hypothesis that the rapidly varying term of the model, which depends only
on measurable quantities, captures the temporal behavior of the residual ionospheric25

error.
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It was possible to show at low latitudes correlation between the residual ionospheric
error and the model term which depends on the solar activity. However, at mid to high
latitudes an increasing signal-to-noise ratio in the simulated data prohibited to study
correlations. From the correlation study, the model coefficient could be calculated at low
latitudes, showing to be between about κ(a) = 6rad−1 to κ(a) = 14rad−1. Furthermore,5

the model coefficient was found to be only a slowly varying function with impact altitude.
As a next step, a first attempt of correcting bending angle data with the proposed

error model was conducted. Tested for the latitude band 0◦, and studied at temperature
level, the error in temperature clearly reduced after applying the ionospheric model
correction (RESIC), giving strong support for the new model.10

For a thorough study of the latitudinal dependance of the coefficient κ we suggest
repeating the simulation study and producing a larger ensemble, in order to reduce
noise.

Furthermore, we also propose studying the RESIC method in simulations using dif-
ferent models for the complex ionosphere than the NeUoG model, in order to obtain15

a good estimate for the coefficient κ. Another idea is to study the residual ionospheric
error by analyzing GPS RO bending angle climatologies against co-located MIPAS
(Michaelson Interferometer for Passive Atmospheric Sounding) and SABER (Sounding
of the Atmosphere using Broadband Emission Radiometry) bending angle climatolo-
gies, which provide high quality data up to altitudes of 80 km (e.g., Remsberg et al.,20

2008; García-Comas et al., 2011). Performing a similar analysis as in the simulation
study, might also allow to retrieve the model coefficient. The results can be compared
to simulation results.

In summary, this simulation study presented some encouraging first results which
support the recently proposed residual ionospheric error model. The RESIC model25

showed clear correlation with the simulated residual error. Furthermore we could de-
termine the model coefficient at low latitudes, showing it to be in line with results from
one-dimensional Chapman ionosphere simulations. We suggest that further investi-
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gation of the proposed model for residual ionospheric correction, especially at higher
latitudes, is worth undertaking.
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Figure 1. Monthly mean solar flux.
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Figure 2. Residual night (blue) and day time (orange) bending angle dependent on time (left
hand side), and night and day time L1 and L2 bending angle difference squared dependent on
time (right hand side), studied on three impact altitudes and for latitude band 0◦.
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Figure 3. Scatter plot and linear fit with fitting coefficient κ of the night (blue) and day time
(orange) residual error vs. (α1(a)−α2(a))2, analyzed for three impact altitudes and for latitude
band 0◦.
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Figure 4. The coefficient κ dependent on time for day time profiles in the latitude band 0◦,
studied for three impact altitudes.
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Figure 5. Comparison of the residual ionospheric correction to the monthly mean day time
residual error at latitude band 0◦ (orange line), choosing κ(a) = 14rad−1 (blue) and κ(a) =
30rad−1 (green) in the correction model.
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Figure 6. Testing the effect of the residual ionospheric correction on temperature profiles, stud-
ied for latitude band 0◦ and using the coefficients κ(a) = 10,14,20 rad−1 in the correction.
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