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Abstract Global Navigation Satellite Systems radio occultation (RO) is a valuable and relevant source of
information from the atmosphere. Many efforts have been made to provide methods of validation of RO
profiles, however, no clear methodology for filtering the profiles from RO can be easily found. In this study, we
present strategies to filter RO electron density profiles over a low latitude region. Different methods are applied
considering minimum values, manual filtering, hmF, range, and discrepancies with reference to the Chapman
profile. The assessment is performed by means of ionosonde data for two years (2014-2015). The results show
that assuming a minimum electron density limit slightly smaller than zero consistently with electron density
estimation errors under very low actual values can provide significant improvements. In this study, the use of a
—10° el/cm? limit led to better rates of retained profiles (65% vs. 32%) and a reduction in foF, root mean square
(RMS) (12% vs. 7%) compared to the exclusion of all profiles with negative values. When considering only
electron density values above 100 km in altitude, there is still a significant loss of about 20% in the number of
profiles with the same reference values (84% vs. 63%), with a similar performance in the foF, RMS. The best
performance is obtained with the strategies: hmF, range of occurrence (200—450 km) and the outliers
identification (5 standard deviations limit), leading to a foF, RMS reduction of about 26% and 19%, and a hmF,
RMS reduction of 34% and 25%, respectively, while keeping 91% and 82% of the original profiles.

Plain Language Summary Radio occultation (RO) is a method used for sounding the Earth's
atmosphere. In the path between the Global Navigation Satellite Systems and the Low Earth Orbit satellite, the
transmitted signal is influenced by the components of the atmosphere. With the RO it is possible to retrieve
important parameters from the atmosphere and better understand its behavior. RO data is important because its
data present a homogeneous distribution and can be used to complement several models, for example, the
prediction of natural hazards. However, before using these profiles, it is important to validate them and develop
methods for filtering, in order to avoid unreliable data. In this work, we present several ways of filtering RO
ionospheric profiles considering a challenging region in low latitude, and data close to solar maximum. The data
sets with the filtered profiles are assessed using ionosonde data as reference. For the scenarios considered, the
best filtering strategies obtained are based on a hmF, range of occurrence and identification of outliers. The use
of a negative minimum electron density limit performed better than a zero tolerance to negative values.

1. Introduction

Radio occultation (RO) is an important source of information from the atmosphere, including neutral and ionized
layers. Since 1995, when the first RO mission was developed, GPS/Met (GPS-Meteorology), many other mis-
sions including receivers for RO have been launched, such as CHAMP (Challenging Minisatellite Payload),
Gravity Recovery and Climate Experiment, SAC-C (Satélite de Aplicaciones Cientificas-C) and MetOp
(Meteorological Operational satellite programe). Considering all the missions providing RO data, Constellation
Observing System for Meteorology, Ionosphere and Climate (COSMIC/FORMOSAT-3) (2006-2020) has been
one of the main ones, with a significant number of atmospheric profiles available, especially considering the
ionosphere (R. A. Anthes et al., 2008). The COSMIC-2/FORMOSAT-7 mission, currently operational, in
addition to providing a larger number of observations, also due to the use of other Global Navigation Satellite
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Systems (GNSS) constellations, is of special interest for the equatorial region because the configuration of the
satellite orbits provides better coverage of this area (R. Anthes & Schreiner, 2019; Schreiner et al., 2020).

In addition to providing global coverage, because of the nature of the data acquisition, RO provides measurements
that can help to suppress gaps from other techniques. In the last decades, several studies have been able to use RO
data to investigate atmospheric phenomena (Arras et al., 2008; Coisson et al., 2015; Hocke & Tsuda, 2001;
Kursinski et al., 1997; Scherllin-Pirscher et al., 2021; Wickert et al., 2001) and assimilate it in atmospheric
models, such as ionospheric (Hernandez-Pajares et al., 1998; M. Angling & Cannon, 2004; Sai Gowtam & Tulasi
Ram, 2017; Yao et al., 2018; dos Santos Prol et al., 2019; M. J. Angling et al., 2021) and numerical weather
prediction (Buontempo et al., 2008; Cucurull & Purser, 2023; Healy et al., 2005; Lien et al., 2021; Ruston &
Healy, 2021). The ionosphere is of special interest since it can influence the accuracy of GNSS and relates to
several atmospheric dynamics. Many studies have shown that ionosphere impacts the transmission of radio
signals, and consequently the GNSS positioning (Hernandez-Pajares, Juan, & Sanz, 2000; Jerez et al., 2022;
Lejeune et al., 2012; Orus Perez, 2017; Rovira-Garcia et al., 2020; dos Santos Prol et al., 2018). In this sense,
many efforts have been made to use ionospheric information, including GNSS observation, to improve iono-
spheric models. Investigations have also shown that ionosphere relates to other atmospheric events, such as
tsunamis and earthquakes, and ionospheric information can contribute in models to identify and predict the
occurrence of such events (Astafyeva, 2019; Hickey et al., 2009; Komjathy et al., 2016; Tsai et al., 2011; Yang
et al., 2019).

For the RO profiles retrieval, in general, the Abel inversion is applied (Fjeldbo et al., 1971; Hajj et al., 2002;
Healy, 2001; Syndergaard, 1999). This inversion method assumes the spherical symmetry hypothesis, retrieving
the electron density from the top to the bottom of the ionosphere in a recursive approach. This way, the errors in
the electron density retrieval also propagates from the top, tending to accumulate in the bottom of the retrieved
profile, in particular, when regions with strong horizontal ionospheric gradients are considered (Garcia-Fernandez
etal., 2003; Lei et al., 2007; Schreiner et al., 1999; M. M. Shaikh et al., 2014). Many studies have been developed
to investigate the impact of the spherical symmetry hypothesis as well as alternative ways to overcome this issue
(Yue et al., 2010; Yue, Schreiner, and Kuo, 2013), including methods which resulted in new COSMIC products
(Pedatella et al., 2015b). RO profiles from COSMIC (and from other RO missions) are available at the CDAAC
(COSMIC Data Analysis and Archive Center) website (https://cdaac-www.cosmic.ucar.edu/).

In order to use ionospheric data from different sources for prediction purposes or any other investigation, vali-
dation and filtering are important processes, specially when such data is assumed as reference information. The
geometry associated to the RO data acquisition, considering the GNSS and the Low Earth Orbit satellites, makes
the validation of the RO profiles a challenge itself. However, the consistency and quality of the RO profiles must
be considered in order to avoid noisy and not reliable information. In this sense, many efforts have been made to
provide methods of validation of RO profiles. Considering electron density profiles, in general, comparisons with
data from different missions (Chang et al., 2022; Garcia-Fernandez et al., 2003; Herndndez-Pajares, Juan, Sanz,
et al., 2000; Jin et al., 2019), models (Schreiner et al., 1999; Yue, Schreiner, Kuo, et al., 2013), ionosondes (Aa
et al., 2016; Krankowski et al., 2011) and in situ measurements (Jakowski et al., 2003; Pedatella et al., 2015a) are
used. A study has demonstrated that if the peak (NmF,, hmF,) of a retrieved electron density profile is coherent
with a ground truth measurement, for instance, a co-located ionosonde, it can be expected that the topside of the
retrieved profile can be considered accurate and, in some cases, able to be used as reference data for models
validation purposes (M. Shaikh et al., 2018).

Besides the general assessment of RO missions, some strategies have been proposed to identify and exclude
electron density profiles with questionable information. A method commonly used is to avoid negative values or
to exclude complete profiles with negative electron density values, or with negative values above 100 km
(Habarulema et al., 2021). It is worth highlighting that negative values below 100 km can result from the hori-
zontal gradients and the assumption of spherical symmetry of atmosphere in the retrieval methods (Lei
et al., 2007). In other words, to get a negative electron density in absolute value lower than the expected electron
density retrieval error, may just indicate a very low actual electron density and it should not be a reason of
rejection. Another approach used to identify problematic profiles is based on the peak height, excluding profiles
with the peak occurrence out of a range, such as ~200—450 km (Habarulema et al., 2021; Tulasi Ram et al., 2018).
Also some statistic features can be used, such as the estimation of mean standard deviation threshold, using
observations from other satellites collocated to the occultations being analyzed (Kuo-Feng et al., 2009). There are
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also filtering methods proposed for specific regions of ionosphere as the method presented in (Pignalberi
et al., 2020) for the topside. However, as mentioned in Kuo-Feng et al. (2009), irregular behavior observed in the
profiles can be related to physically meaningful ionospheric phenomena and not always corresponding to noisy or
erroneous data. In this sense, the exclusion of profiles with negative values, for instance, may lead to the loss of
important information and not necessarily exclude profiles with no reliable data. In this context, it is clear that
there is still room for investigations of methods for filtering profiles from RO, specially considering regions under
high influence of the ionosphere.

In this context, this study presents strategies for filtering electron density profiles from COSMIC mission,
considering the general behavior of each profile. Different methods are applied considering manual filtering,
minimum electron density values, imF, range of occurrence, normal distribution and identification of outliers
considering the discrepancies between values from RO and corresponding Chapman profiles. The study discusses
different filtering methods, including already used and proposed strategies. All filtering methods are assessed by
means of ionosonde data, applied for 2 years of data. In Section 2 we present the methods and strategies for the RO
profiles filtering. Section 3 shows the data set and all the configurations adopted for the profiles assessment.
Section 4 presents and discusses the impact of the filtering process in the assessment of electron density profiles
from RO by means of ionosonde data. Section 5 contains the summary and conclusions.

2. RO Electron Density Profiles Filtering Methods

In this study, we present a manual and different automatic strategies to filter electron density profiles from RO
based on the distribution of discrepancies between the original profiles and the corresponding Chapman model
profiles. Five main filtering methods are presented: manual filtering, minimum electron density value, hmF,
range of occurrence (Section 2.1), and two strategies considering the distribution of the discrepancies between the
RO and the corresponding Chapman model profiles in a normal distribution and with the occurrence of outliers
(Section 2.2).

2.1. Manual and Minimum Electron Density Filtering Strategies

The behavior of the ionosphere is irregular, especially considering the equatorial region, and specific areas such as
the Brazilian sector. When assessing RO electron density profiles, it is worth highlighting that the geometry
involved in the data acquisition with RO and the reference data, for instance an ionosonde, may be significantly
different. In such a case the distance between the RO occurrence and the reference data may be even more
relevant. This fact has motivated the proposal of this first filtering method, aiming to avoid profiles with in-
dications of noisy data, coming from unreliable data or from ionospheric irregularities. This method aims to
exclude profiles affected by intense ionospheric irregularities. Including such profiles could skew the mean error
calculations when the ionospheric conditions at the RO measurement location differ significantly from those at
the ionosonde, used as reference station.

The manual filtering is the only strategy discussed which is not an automatic process, consisting in analyzing each
profile individually. In this filtering method, all the profiles have their data plotted with electron density values
and corresponding altitudes. Then visually analyzing every plot, all the profiles with noisy, irregular or non-
realistic behavior are excluded from the data set. Figure 1 presents examples of profiles excluded (top) and
kept (bottom) for 1 January 2014. In this case, it is worth highlighting that, as shown in Figure 1, noisy values in
the top and bottom areas are not considered for the exclusion of the profile. In general, the overall behavior of the
electron density values are considered, especially in the region close to the peak. It is also worth it mentioning
that, besides being a process which takes a lot of time to be done, it involves a level of subjectivity, since it
depends on the judgment of the operator analyzing the profiles.

For the minimum electron density strategy, a minimum tolerance for electron density is defined. Then the
profiles with electron density values smaller than the tolerance in any height are rejected. In this paper, besides
the traditional use of zero (all profiles with negative values being excluded) as tolerance, we also use the value
—10° el/cm?® (corresponding to —10'!el/m?). We also apply the same minimum limits considering only electron
densities above 100 km. Another strategy used is the analysis of the peak height in a limited range of occurrence,
in this study we exclude profiles with AmF, outside the range between 200 and 450 km.
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Figure 1. Profiles excluded (top) and kept (bottom) in the manual filtering process for 1 January 2014.

2.2. Filtering Based on the Normal Distribution and Outliers of the Discrepancies From Chapman Model
Profiles

For the filtering methods related to Chapman model profiles (Chapman, 1931), we estimate a profile with the
electron density (V) at a height (4) defined as:

N = NmF, =, ¢))

where NmF, corresponds to the electron density peak at the F2 layer, k = 1/2 (Alpha-Chapman), and z is esti-
mated as:

_ h—hmF2

2, o)

Z

with hmF, corresponding to the peak height at the F2 layer and H is the scale height. It should be mentioned that
all the profiles are divided into two layers corresponding to approximate the E-layer (80-120 km) and F-layer
(120 km—top). The initial filtering tests considered both layers, however the use of values from the E-layer led
to the exclusion of almost all the profiles. In this sense, only the F-layer values are considered for the filtering
strategies based on the Chapman profiles. The scale height estimation is obtained from Equations 1 and 2 in an
iterative way as presented in (Olivares-Pulido et al., 2016), with z (reduced height) corresponding to:

= L N
Gy =1—e = 2in o 3)

with i corresponding to the index of the electron density value. For calculating H, four strategies are applied to
define the Chapman model profile: for the first one the scale height used is the mean of the values obtained from
the peak of the F2 layer to the top (MH); the second one takes into account the values from 50 km above the F2
layer peak to the top (MH+50); the third (VH) and fourth (VH+50) strategies follows the same idea, but
considering a variable scale height, where the scale height at any given altitude is calculated using the 10 nearest
data points in the ionospheric profile. In all cases, the equation presented by (Cappellari et al., 1976) is used as a
first guess of the scale height (H), with hmF, representing the F2 layer peak height, both given in km:

H= %[30 + 0.2(hmF, — 200)]. )

Figure 2 presents an example of a profile from 1 January 2014 considering the RO data (black) and the corre-
sponding values from the Chapman profiles (a) and the differences considering the RO profile (b). In both plots, it
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Figure 2. COSMIC profile from 1 January 2014 compared with the reconstruction of electron density profiles using Chapman
model considering mean and variable H and values close to the peak.

is possible to notice that the use of a variable H has more influence on the estimated profile than the use of data
close to the peak.

After the construction of the Chapman model profiles, the differences between electron density values from the
RO and the Chapman model are calculated. Then, we analyze those differences to verify if its distribution is close
to the Gaussian distribution. In other words, after calculating the mean discrepancies and corresponding standard
deviations (STD), we use as a filtering condition the distribution of the differences assuming a normal distri-
bution. We consider that the profiles present a normal distribution if the differences are inside the region cor-
responding to one standard deviation of the mean value for at least 68.27% of the cases. Then similar strategies are
used for two standard deviation limits for 95.45% and three STD limit for 99.73% of the values.

The strategy considering the outliers is based on the same discrepancies from the Chapman model, but in this case
the limit of STD is applied for the identification of outliers, here characterized as at least one discrepancy outside
the limit defined by the mean and STD. For this study, we consider three different limits: three, four and five STD
distances from the mean. Considering the conclusions presented with the comparison of the different ways of
calculating the Chapman profiles, although the four options mentioned are applied, only the results considering a
variable H are presented and discussed.

3. Data Set

In this study, electron density profiles from the COSMIC mission are analyzed for the years 2014 and 2015, which
correspond to the peak of the solar cycle 24. The assessment is performed by means of ionosonde data from four
stations of Instituto Nacional de Pesquisas Espaciais (INPE-Brazilian National Institute for Space Research)
(Figure 3): BVJ03 located in Boa Vista-RR (2.8°N, 60.7°W; 12.9°N magnetic latitude), SAAOK in Sao Luiz-MA
(2.5°S, 44.3°W; 0.8°S magnetic latitude), FZAOM in Fortaleza-CE (3.8°S, 38.5°W; 5.5°S magnetic latitude) and
CAIJ2M in Cachoeira Paulista-SP (22.7°S, 45.0°W; 16.4°S magnetic latitude). CAJ2M station is the only ion-
osonde in this study with less data, in 2014 only the last 31 days of data are available. [onosonde data are available
at the Space Weather Data Share, of Brazilian Study and Monitoring of Space Weather (EMBRACE/INPE)
program (www?2. inpe.br/climaespacial/portal/ionosondes-home/). For this study, only manual scaled foF, data
are used to ensure the reliability of the reference data (see Araujo-Pradere et al. (2019)). The time resolution of the
files is 10-min, and the time window limit applied is of 1 hr.
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Latitude (°)

For evaluation, the position of the ionosonde station is used as a reference for
the window search, Figure 4 illustrates the assessment strategy. In this way,
all the profiles with electron density peak occurrence inside the search win-

dow are analyzed. The assessment is performed considering the four ion-
osondes and three search windows: 5°, 10°, and 20° (in latitude and
longitude). The largest search windows (20°) are presented in Figure 3 (blue
windows) for each ionosonde. After the filtering based on the ionosondes
positions, all the profiles in the corresponding region are filtered using the

strategies previously mentioned in Section 2, leading to 30 filtering methods.
However, as previously discussed, the methods that consider variable H (VH
and VH+50) for the Chapman profile strategies resulted in profiles closer to
the RO data, but the exclusion of values closer to the F2 peak (VH+50) does
not influence the profile obtained. In this sense, in order to simplify the

analysis, only the strategies based on the Chapman profile with variable H
considering the values above the peak (VH), are presented. Table 1 shows the
filtering strategies analyzed.

Figure 3. Location of the four ionosondes used for the profiles assessment
and 20° search windows for each ionosondes position (blue).

Figure 4. Assessment strategy by means of ionosonde data.

Longitude (°)

The analysis considers the root mean square (RMS) of the differences be-
tween the critical frequency, maximum electron density, and height peak at
the F2 layer, from RO profiles and the corresponding values from the ion-
osondes. In addition to that, the RMS of the absolute and relative differences
in shape function (SF) values, much more stable than the VTEC within the
RO-affected region, are also analyzed (Hernandez-Pajares, Juan, Sanz,
et al., 2000):

N(LT,®, h)

SEW = Yrpcar. o)

®)

where LT is the local time, @ is the latitude and VTEC is the vertical total electron content at a point with
horizontal coordinates (LT, ®). For the SF estimation, VTEC values from UQRG (UPC quarter-of-an-hour time
resolution Rapid Global ionospheric maps) product are used (cddis.nasa.gov/archive/gnss/products/ionex/). The
spatial resolution is 2.5° X 5°, in latitude and longitude, and the temporal resolution is 15 min.

4. Impact of Filtered Profiles in the Assessment of a RO Data Set

For the analysis, we considered the differences in the parameters of the peak of the F2 layer: foF,, NmF,, hmF,,
SF (SF), relative SF (SF(%)); as well as the number of profiles kept and the mean distances from the corre-
sponding occultations to the ionosondes. foF, and NmF, are also equivalent at L-band GNSS frequencies, so it
was expected that these parameters would show similar behavior. In this sense, NmF, RMS is not presented here.
Although significant differences can be found in some parameters, such as himF,, in general, they present a similar
pattern related to which filtering mode leads to the best performance. Figure 5 presents the mean RMS obtained

for the 2-year data and the four stations considering each search window. The

Search window

A

results of manual filtering are suppressed from the analysis, as it led to a
relatively small improvement (less than 8%) compared to the amount of
profiles maintained (approximately 65%). It can be seen that, in general,
filtering methods using outliers based on the Chapman profile and the three-
standard deviation limit (O3+VH) and the range hmF, present the best per-

Ionosonde formance considering foF, and SF, the good performance of the range hmF,

is even more significant with ~imF,. The filtering method using the normal

= distribution based on the Chapman profile with 3 STD limit (N34+VH) pre-

foF, COSMIC sents the largest errors for most parameters, except for hmF,, where the
method excluding any profile with negative values leads to a worse perfor-

COSMIC proﬁlA mance (Ney,, 0). Figure 5 also shows that the number of profiles is signifi-

cantly influenced by filtering methods, with the exclusion of more than 90%
(N1+VH) of the profiles depending on the strategy applied. The mean

JEREZ ET AL.

6 of 13

850807 SUOWIIOD AIIERID 3|cedl|dde au Aq peuenob ake SooiMe YO 8SN JO Sa|NJ 10} AZed1T8UIUO A1/ UO (SUORIPUCD-PUR-SULBIALIOO" A8 | IM"A eI 1[BU 1 [UO//SANL) SUORPUOD PUe SWie 1 81 89S *[9202/70/20] Uo AfiqiTauliuo A8 (1M ‘eisiined [enpexs3 apepisieAlun Aq Z6T800SHZ02/620T 0T/10p/wod Ae 1M Ariqpuljuo sgndnBey/sdny wolj pepeojumod ‘TT ‘5202 ‘X66L776T



 Veld
MA\IS Radio Science 10.1029/2024RS008192
ADVANCING EARTH
AND SPACE SCIENCES
Table 1
Description of Filtering Modes
Mode Description
Original No filtering
Manual Manual filtering
hmF, hmF, range interval between 200 and 450 km
Negin 0 Minimum electron density limit of 0 el/cm?
Newin — 10° Minimum electron density limit of —10° el/cm?
Nemin 0 > 100 Minimum electron density limit of 0 el/cm? for altitudes above 100 km
Nemin — 10° > 100 Minimum electron density as —10° el/cm? for altitudes above 100 km
03+VH Outliers identification in a 3 STD limit of discrepancies between RO and Chapman
profiles with variable H
04+VH Outliers identification in a 4 STD limit of discrepancies between RO and Chapman
profiles with variable H
0O5+VH Outliers identification in a 5 STD limit of discrepancies between RO and Chapman
profiles with variable H
NI+VH Normal distribution in a 1 STD limit of discrepancies between RO and Chapman profiles
with variable H
N2+VH Normal distribution in a 2 STD limit of discrepancies between RO and Chapman profiles
with variable H
N3+VH Normal distribution in a 3 STD limit of discrepancies between RO and Chapman profiles
with variable H
distances between the occultations and the ionosondes do not present significant changes with the different
filtering methods, which indicates that the filtering strategies are not correlated with the region of occurrence of
the occultations. In this way, considering that the general behavior of the error obtained for the selected pa-
rameters presents a similar performance, our main evaluation is based on the RMS obtained with foF, and hmF,
differences between the COSMIC profiles and the ionosonde reference data, as well as the number of profiles kept
in each filtering method.
Figure 6 presents a one-to-one representation between the RMS of the critical frequency (foF,) and the number of
profiles kept after the filtering methods, considering the four stations (BVJ03, SAAOK, FZAOM and CAJ2M) and
the three search windows (5°, 10°, and 20°). It should be noted that the improvement in foF, RMS is not the only
issue to be considered, but also the number of profiles filtered. For instance, the normal distribution with 1 STD
(N14+VH) method, which presents one of the best performances for the 5° window, leads to a loss of more than
-6
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Figure 5. General performance of all filtering strategies considering foF,, hmF,, shape function, number of profiles and mean
distance from the reference ionosonde.
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Figure 6. One-to-one representation of the root mean square of foF, differences and the number of profiles for all data sets for
search windows with 5° (top), 10° (middle), and 20°(bottom), considering the four ionosondes (BVJ03, SAAOK, FZAOM,
and CAJ2M) at the corresponding columns.

90% of the profiles, and the outliers identification with 3 STD limit (O3+VH) with one of the best performances
for 10° and 20° windows, leads to a lost of more than 75% of the profiles. The figure also shows that some
methods not only decrease the amount of profiles, but also increase the RMS obtained, such as the normal dis-
tribution with the 3 STD limit (N3+VH), which leads to a worse RMS and loss of almost 25% of the original
profiles. Considering the number of profiles kept and the improvement in the foF, RMS, it is possible to identify
the good performance of the peak height range (hmF, range) and the identification of outliers with 5 STD
(O5+VH), with 26% and 19% improvement, respectively, while keeping 91% and 82% of the original profiles.
The normal distribution with the 2 STD limit (N2+VH) maintains a significant number of profiles (90%),
however, the improvement in foF, RMS is less than 5%. Only one filtering method presented mean foF, RMS
values worse than the original data set, the use of the normal distribution with the 3 STD limit (N3+VH), with
values up to 5% higher, and a loss of about 25% of the profiles.

Figure 7 presents a similar one-to-one representation but now with the RMS of the peak height (hmF,) and the
number of profiles kept after the filtering methods, considering the four stations (BVJ03, SAAOK, FZAOM, and
CAJ2M) and the three search windows (5°, 10°, and 20°). Most of the behavior highlighted for foF, RMS can be
observed for ~mF, RMS. But in this case, not only N3+VH presented higher errors compared to the original data
set. The normal distribution with 1 STD limit (N14+VH) and the minimum electron density limit presented worse
RMS than the original data set for at least one of the three search windows. The zero tolerance for negative values
in the entire profile (Nep,, 0) has the worst performance, with hmF, RMS 27% higher than the original data set,
while keeping only 32% of the profiles. The best performance is obtained again by the filtering methods based on
the peak height range (hmF, range) and the identification of outliers with 5 STD (O5+VH), with 34% and 24%
improvement, respectively.

Summarizing the general performance with foF, RMS, Table 2 presents the mean RMS of the main filtering
methods analyzed, relative to the original data set. Each line presents the relative performance of each filtering
method with the percentage of profiles kept and the improvement in foF, RMS compared to the original data set.
Taking into account all filtering methods and search windows, a mean of 40% of the profiles are eliminated,
leading to an improvement of 11% in the foF, RMS. Although the mean percentage of profiles kept is similar for
each search window (~60%), the mean improvement in the foF, RMS is inversely proportional to the size of the
windows: ~13% (5°), ~11% (10°) and ~10% (20°). It can be verified that the peak height range (hmF, range)
method leads to the best performance for the three search windows considered, with the foF, RMS improvements
greater than 22%, while maintaining more than 89% of the original profiles.
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Table 2
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Figure 7. One-to-one representation of the root mean square of hmF, differences and the number of profiles for all data sets
for search windows with 5° (top), 10° (middle), and 20°(bottom), considering the four ionosondes (BVJ03, SAAOK,
FZAOM, and CAJ2M) at the corresponding columns.

Table 3 presents the mean ~mF, RMS of the same filtering methods analyzed, relative to the original data set.
Each line presents the relative performance of each filtering method with the percentage of profiles kept and the
improvement in AmF, RMS compared to the original data set. In addition to the worse performance already
mentioned for some of the filtering methods, especially those considering the normal distribution and minimum
electron density profile limit, for the imF, RMS, the general improvement is about 5% for all windows. The worst
performance is observed with the zero minimum electron density limit (Ne,,;, 0) for the 5° window, where only
34% of the profiles are maintained and the RMS is 43% worse. The peak height range (hmF, range) method
presented improvements of about 34% for all search windows.

We also investigated whether an elevated geomagnetic storm index could affect the performance of filtering
methods. Figure 8 shows the results obtained with the main filtering methods for the four ionosondes, considering

General Relative Performance in Percentage, Considering the Number of Profiles Kept and foF, Root Mean Square (RMS), Assuming as Reference the Original Data
Set With 474 Profiles and foF, RMS of 1.30 MHz (for the 5°Window), 1,881 Profiles and foF, RMS of 1.35 MHz (for the 10°Window), and 7,391 Profiles and foF, RMS
of 1.65 MHz (for the 20°Window)

Windows 5° 10° 20°

Mode Profiles kept (%) RMS foF;, (%) Profiles kept (%) RMS foF, (%) Profiles kept (%) RMS foF, (%)
hmF, 89.66 32.95 92.29 22.81 91.67 22.04
Nemin 0 33.97 5.80 32.85 9.40 30.65 4.49
Nemin — 10° 67.30 12.01 65.87 13.69 62.77 9.83
Newin 0 > 100 64.14 15.62 63.37 17.34 61.83 15.40
Nemin — 10° > 100 85.02 15.89 83.79 13.66 82.41 12.82
O3+VH 25.32 7.76 23.92 21.73 23.87 17.28
O4+VH 56.54 21.61 56.73 18.42 56.39 16.07
O5+VH 79.54 21.11 82.62 20.27 83.30 16.93
N1+VH 9.28 29.85 7.50 0.60 7.39 15.73
N2+VH 89.87 2.98 91.02 5.62 91.31 5.46
N3+VH 73.84 —2.98 74.64 —5.84 74.73 —4.96
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Table 3

General Relative Performance in Percentage, Considering the Number of Profiles Kept and foF, Root Mean Square (RMS), Assuming as Reference the Original Data
set With 474 Profiles and hmF, RMS of 60 km (for the 5°Window), 1,881 Profiles and foF, RMS of 60 km (for the 10°Window), and 7,391 Profiles and foF, RMS of
66 km (for the 20°Window)

Windows 5° 10° 20°
Mode Profiles kept (%) RMS hmF, (%) Profiles kept (%) RMS hmF, (%) Profiles kept (%) RMS hmF, (%)
hmF, 89.66 34.31 92.29 33.69 91.67 34.81
Nemin 0 33.97 —42.81 32.85 —20.05 30.65 —19.00
Nen — 10° 67.30 -12.39 65.87 0.89 62.77 —-1.42
Nepin 0 > 100 64.14 —8.64 63.37 1.26 61.83 1.96
Nemin — 105> 100 85.02 -251 83.79 3.96 82.41 378
O3+VH 25.32 9.37 23.92 12.92 23.87 10.17
O4+VH 56.54 28.95 56.73 24.68 56.39 21.52
O5+VH 79.54 23.24 82.62 25.82 83.30 23.95
NI1+VH 9.28 46.28 7.50 —15.34 7.39 —3.53
N2+VH 89.87 8.03 91.02 16.57 91.31 12.73
N3+VH 73.84 —3.47 74.64 —1.56 74.73 —-1.57
the 5° search window, and the corresponding Kp (gray bars) index for each day. The results do not present any
clear influence of larger Kp index with the larger differences in the foF, values. The same behavior can be
observed for the other search windows (10° and 20°). Besides that, we also performed analysis considering only
the foF, RMS from days with strong Kp (Kp > 6) and searched for correlations between the errors obtained and
the corresponding Kp, but no clear influences could be added to this assessment. Considering the season of the
year, no direct influence could be observed.
5. Summary and Conclusions
In this study, our objective was to analyze the impact of filtering strategies on the assessment of RO electron
density profiles by means of ionosonde data. The study is carried out in the Brazilian region using data from 2014
to 2015. It should be noted that, in addition to being a challenging region when considering the ionospheric
influence, the ionosonde stations used cover a large region, with distances from 660 to 3,310 km. The influence of
the filtering process on the assessment of COSMIC electron density profiles is analyzed through 30 filtering
¥
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Figure 8. Differences of foF, compared to Kp index (gray bars) for search window with 5° for ionosondes BVJ03, SAAOK,
FZAOM, and CAJ2M (from the top to the bottom).
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methods. For the analysis, several parameters are considered, foF,, NmF,, hmF,, SF difference (SF), relative SF
difference (SF (%)), amount of profiles maintained and the mean distances from the occultations to the ion-
osondes. Since in general the parameters show similar behavior and the distance of profile occurrence is not
directly influenced by the filtering process, foF,, hmF, and the number of profiles kept are used in the evaluation.

Considering the simplest filtering methods, based on a minimum electron density limit, the use of a value lower
than zero (in this study we use —10° el/cm?) provides significant improvement in the rate of profiles kept (~65%
against ~32%) and in the improvement in foF, RMS (12% against 7%). It is worth highlighting that, when
assuming negative value as tolerance for the filtering method, we only refer to the decision on keeping or not the
profiles. When using RO electron density profiles, no negative values should be considered in models or products.
The use of the limits above 100 km leads to more profiles kept (84% and 63%), while no significant improvement
is observed for the negative value limit, with foF, RMS improvements of 16% and 14%. The best performance for
all the scenarios is obtained with the himF, range, with 91% of the profiles kept, with rate of improvement of about
26% (foF, RMS) and 34% (hmF, RMS). The strategy considering the identification of outliers with the 5 STD
limit also has good performance, with improvements of about 19% (foF, RMS) and 24% (hmF, RMS), while
maintaining more than 81% of the original profiles. In general, the set of strategies that use the normal distribution
leads to the worst performance in the assessment and, in some cases, to very high profiles exclusion rates
(approximately 90% for N1+VH).

We reinforce that the conclusions here presented are based in measurements with occurrence in the Brazilian
region (low latitude) in mid-high solar activity level. According to the scenario considered, the best strategy may
be influenced, however, the season of the year does not seem to influence the performance of the methods
presented in this study, as well as the geomagnetic activity (here represented by the Kp index). Taking into
account the three search windows and the four ionosondes used for the assessment, we have shown general and
specific analysis based on the different strategies. The simpler filtering method with most effective results is to
apply the hmF, range of occurrence. Assuming the overall performances and the balance between improvement in
the foF, RMS, hmF, RMS and the rates of profiles kept after the filtering process, the height peak range (hmF,
range) and the outlier identification with a 5 STD limit (O5+VH) presented the best results and can be used in
single or combined mode. In future studies, it is planned to expand this investigation generalizing the results on a
global basis covering different solar activity levels.
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