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The investigation of sporadic E or Es layers typically relies on ground-based or
satellite data. This study compares the Es layers recorded in ionograms with
those detected using GNSS L1 signal-to-noise ratio data from FORMOSAT-
3/COSMIC radio occultation at mid and low latitudes. GPS radio occultation
measurements of Es layers, during an 11-year time span of 2007–2017, within
a 2° latitude × 5° longitude grid around each ionosonde site are compared to
the Es recordings of the ionosonde. By comparing multi-year radio occultation
data with recordings from six ionosonde stations at mid and low latitudes, it
was discovered that at least 20% of the Es layer detection results between each
ionosonde and its crossing GPS radio occultation measurements did not agree.
The results show that the agreement between the twomethods in Es detection is
highly dependent on the season and local time. This study suggests that Es layer
recordings fromground-based ionosonde observations have the best agreement
with the Es layers detected by radio occultation data during daytime and local
summers. The difference in the Es detection mechanisms between the two
methods can explain the inconsistency between Es events measured by these
two methods. The detection of Es layers in ionograms relies on the high plasma
concentration in the E region, whereas signal scintillations caused by a large
vertical gradient of the plasma density in the E region are considered a sign of
Es occurrence in satellite techniques.
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1 Introduction

Thin layers of enhanced electron density compared to the
background ionization in the ionosphere’s E region are referred to as
sporadic E and abbreviated as Es (Whitehead, 1989; Mathews, 1998;
Wu et al., 2005; Haldoupis, 2011). The Es layer is mainly known
as a daytime and summer hemisphere phenomenon with higher
occurrence rate at mid and low latitudes (Haldoupis et al., 2007;
Christakis et al., 2009; Arras et al., 2010; Haldoupis, 2012).

Whitehead (1961) and Axford and Cunnold (1966) proposed
that Es layers are formed by the wind shear mechanism. In
subsequent studies, the wind shear theory has been confirmed as
the physical mechanism responsible for the mid-latitude Es layer
formation process (Whitehead, 1989; Haldoupis & Pancheva, 2002;
Haldoupis, 2011; Yamazaki et al., 2022). According to thewind shear
theory, metallic ions in the ionosphere dynamo region converge to
thin layers of ionization by the vertical shears of neutral wind,mainly
produced by atmospheric tides (Haldoupis, 2012; Chu et al., 2014;
Shinagawa et al., 2017; Qiu et al., 2019; Sobhkhiz-Miandehi et al.,
2022).

Es has been subject to many studies since the mid-twentieth
century (Whitehead, 1961; 1970; 1989; Macleod, 1966) due to
its potential disturbances on the radio signals in communication
and navigation systems. Strong vertical electron density gradients
of Es layers can cause severe radio wave propagation disruption
and will directly influence the accuracy and reliability of satellite
communication and navigation systems (Arras, 2010).

For many years, most of the observational studies of Es were
performed using ionosonde recordings; there were also several
investigations based on incoherent and coherent scatter radars and
some through in situmeasurements with rockets. These techniques
have been documented in several review papers (Matsushita, 1962;
Whitehead, 1989; Mathews, 1998; Haldoupis, 2011). However,
with the development of the GPS radio occultation technique
over the past two decades, satellite observations have become an
increasingly popular tool for studying Es layers due to their ability
to provide global data coverage (Igarashi et al., 2001;Wu et al., 2005;
Arras et al., 2008).

First, Es occurrence globalmapswere introduced in the early 60s
based on ionosonde measurements (Taguchi, 1961; Leighton et al.,
1962). Reddy and Matsushita (1969) studied Es layers at mid and
low latitudes utilizing the ionosonde to establish a more detailed
understanding of temporal and latitudinal variations of them.
Subsequently, until the 1990s, numerous studies typically focused
on examining the diurnal and seasonal variations of Es by utilizing
ionosonde observations (Axford & Cunnold, 1966; Harris and Taur,
1972; Chandra and Rastogi, 1975; Saksena, 1976;MacDougall, 1978;
Baggaley, 1984).

In the 2000s, scientists started using GPS radio occultation
measurements to study lower ionospheric irregularities such as
Es. For the first time, Igarashi et al. (2001) conducted a study that
used less than 6,000 occultation GPS/MET radio data from 1995
to examine the seasonal dependency of Es layers. Wickert et al.
(2004) suggested that fluctuations in the CHAMP radio occultation
amplitude data can be associated with ionospheric scintillations.
Furthermore, Wu et al. (2005) presented a global climatology of the
phase variances and signal-to-noise ratio (SNR) fluctuations using
approximately 6000 GPS/CHAMP occultation in the E region.

Since the release of radio occultation measurements from
FORMOSAT-3/COSMIC in the summer of 2006, our understanding
of Es has significantly improved due to its global coverage.
Arras et al. (2008) published the first Es occurrence rate global
climatology using CHAMP, GRACE, and FORMOSAT-3/COSMIC
radio occultation, which had a significantly better spatial and
temporal resolution compared to previous studies. Subsequently,
studies investigating Es on a global scale have been primarily based
on radio occultation measurements (Wu et al., 2005; Chu et al.,
2014; Qiu et al., 2019; Yu et al., 2019; Luo et al., 2021; Arras et al.,
2022), while some literature has used ionosonde observations
locally as an evaluation tool for their satellite-based investigations
(Gooch et al., 2020; Carmona et al., 2022; Gan et al., 2022; Yu et al.,
2022). Recently, Gan et al. (2022) used radio occultation data
from the new China Seismo-Electromagnetic Satellite mission to
derive Es events and used Wuhan ionosonde observations to assess
the reliability of their research. Carmona et al. (2022) compared
different GPS radio occultation techniques with ionosonde
measurements over an 8-year period in order to identify the
most accurate method for detecting Es occurrences using radio
occultation data. Gooch et al. (2020) presented a global comparison
of the intensity and height of mid-latitude and equatorial Es
layers derived from FORMOSAT-3/COSMIC radio occultation
and digital ionosonde measurements. All of these studies found a
qualitative agreement between their satellite dataset and ionosonde
measurements of the Es layer. However, they were limited by
observations at a single ionosonde location during a restricted time
frame and did not account for the diurnal, seasonal, and spatial
dependence of Es layer detectability with satellite and ground-
based techniques. In this paper, we have conducted a multi-year
comparison of the mid- and low-latitude Es events recorded by an
ionosonde ground-based technique to those observed using the
satellite radio occultation method. Moreover, the diurnal, seasonal,
and local dependence of the agreement between the two methods
has been examined.

2 Data and methodology

2.1 Ionosonde

For decades, an ionosonde has remained the most commonly
utilized instrument in ionospheric studies. Basically, an ionosonde
transmits signals with increasing frequency from 0.1 to 30 MHz, and
the frequency at which the initial signal is reflected completely will
be recorded; it is known as critical frequency (fc). By measuring the
frequency and reflection time of the transmitted signal, the electron
density of the reflection point and the height of the ionization
layer will be obtained. Two common frequency parameters used
in Es layer studies are “foEs” and “fbEs.” foEs represents the
ordinary mode peak frequency of the layer, and technically, it
shows the maximum frequency at which an Es layer will reflect a
signal transmitted by the ionosonde. fbEs corresponds to the peak
blanketing frequency of Es, representing the frequency at which the
reflections from higher layers appear (Piggott, 1972; Wakai et al.,
1987; Merriman et al., 2021).

In this study, we used the Digital Ionogram Database
(DIDBase) repository of the Lowell Global Ionospheric Radio
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FIGURE 1
Map of the ionosonde stations.

TABLE 1 List of ionosonde stations.

Station code Station name Geographic latitude Geographic longitude Data of the year Number of conjunction

PQ052 Pruhonice 50 14.6 2007–2017 4680

IC437 I-Cheon 37.1 127.5 2010–2017 1635

PRJ18 Ramey 18.5 293 2011–2017 2230

GR13L Grahamstown −33.3 26.5 2007–2017 3775

MU12K Madimbo −22.4 30.9 2007–2017 3150

LM42B Learmonth −21.8 114.1 2007–2017 3130

Observatory (GIRO) Data Center (Reinisch and Galkin, 2011).
The Es events were derived from the ionograms manually. Six
stations, as illustrated in Figure 1, were selected to encompass the
mid- and low-latitude areas of both hemispheres across various
longitudes. Additionally, the selection of ionosonde stations took
into consideration the availability of sufficient data during the
period when we have access to radio occultation observations. The
ionosonde measurements used in this study were recorded with a
time resolution of 15 min.

Table 1 provides details about the stations under investigation.
Pruhonice and I-Cheon are situated at the mid-latitude region
of the Northern Hemisphere, while Grahamstown serves as
a representative of the mid-latitude region in the Southern
Hemisphere.The Ramey station is located in the low-latitude region
of the Northern Hemisphere, while the Madimbo and Learmonth
stations are in the low-latitude region of the Southern Hemisphere,
as investigated in our study.

2.2 FORMOSAT-3/COSMIC radio
occultation

The GPS radio occultation technique is principally based
on receiving GPS dual-frequency signals traveling through the
atmosphere by a low earth-orbiting (LEO) satellite. GPS signals

TABLE 2 Confusionmatrix of ∼9,000 conjunction data points of ionograms
and radio occultation profiles.

Esradio-occultation = 1 Esradio-occultation = 0

Esionogram = 1 31.6% (Type 1) 20.4% (Type 2)

Esionogram = 0 10.6% (Type 3) 37.3% (Type 4)

are bent on their way through the atmosphere due to atmospheric
refraction. The angle of this bending is the key observation and
contains information on several atmospheric parameters, including
electron density, temperature, pressure, and water vapor profiles
(Hajj et al., 2002). The main advantages of radio occultation over
ground-based techniques are its global coverage of atmospheric
parameters and high spatial resolution. Nevertheless, the temporal
resolution of radio occultation data is not as optimal as ground-
based measurements at a specific location (Arras, 2010).

FORMOSAT-3/COSMIC stands for FORMOsa SATellite
mission–3/Constellation Observing System for Meteorology,
Ionosphere, and Climate. This American–Taiwanese mission has
a constellation of six LEO satellites, which receive data from setting
and rising occultations. Signal phase differences, ionospheric excess
phase, and SNR values are three parameters that have been used in
the literature to detect Es layers (Igarashi et al., 2001;Wu et al., 2005;
Arras, 2010). According to the work of Arras (2010), utilizing L1
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FIGURE 2
(A) Ionogram of the IC437 station (lat: 37.1° and lon: 127.5°) showing an Es layer on February 8, 2012, at 16:15. (B) SNR profile of a crossing radio
occultation (lat: 37.3° and lon: 127.5°) showing no Es layer on February 8, 2012, at 16:12, and its corresponding standard deviation profile. (C) Ionogram
of the GR13L station (lat: -33.3° and lon: 26.5°) showing no Es layer on October 18, 2010, at 19:15. (D) SNR profile of a crossing radio occultation (lat:
-33.4° and lon: 26.6°) showing an Es layer on October 18, 2010, at 19:15, and its corresponding standard deviation profile.

signal SNR for Es detection offers advantages such as direct access
to SNR profiles without the need for data smoothing, avoidance
of noisy L2 data, and simplified analysis using raw GNSS L1
data, reducing errors in data analysis. This study relies on the
Es detection method presented by Arras and Wickert (2018).
They derived Es events from the SNR profiles of the GPS L1
signal of the 50 Hz level 1b atmPhs data product archived by the
COSMIC Data Analysis and Archive Center (CDAAC). Empirical

thresholds for SNR values were established by Arras and Wickert
(2018) through manual examination of radio occultation profiles.
SNR values were calculated at 2 km moving intervals and utilized
to identify signal scintillations with an SNR standard deviation
exceeding 0.2, provided that these large standard deviation values
were concentrated within an altitude range of less than 10 km. This
altitude criterion of 10 km was incorporated into the Es detection
process to distinguish Es events from signal disruptions caused
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TABLE 3 Latitudinal dependence of the agreement between ionosonde and radio occultationmeasurements in detecting the Es layer (latst: latitude of the
Pruhonice station). Case 1 represents Es radio-occultation = 1, while case 2 is Esionogram = 1.

(latst-2°, latst-1.5º) (latst-1.5°, latst-1°) (latst-1°, latst-0.5°) (latst-0.5°, latst)

Case 1: 85% Case 1: 82% Case 1: 91% Case 1: 89%

Case 2: 54% Case 2: 54.3% Case 2: 62.2% Case 2: 57.3%

(latst, latst + 0.5°) (latst + 0.5°, latst + 1°) (latst + 1°, latst + 1.5°) (latst + 1.5°, latst + 2°)

Case 1: 86% Case 1: 90% Case 1: 90% Case 1: 91%

Case 2: 53.7% Case 2: 58.5% Case 2: 61% Case 2: 56.7%

TABLE 4 Longitudinal dependence of the agreement between ionosonde and radio occultationmeasurements in detecting the Es layer (lonst: longitude of the
Pruhonice station). Case 1 represents Es radio-occultation = 1, while case 2 is Esionogram = 1.

(lonst-5°, lonst-4°) (lonst-4°, lonst-3°) (lonst-3°, lonst-2°) (lonst-2°, lonst-1°) (lonst-1°, lonst)

Case 1: 84% Case 1: 85% Case 1: 92% Case 1: 91% Case 1: 87%

Case 2: 52.5% Case 2: 53.1% Case 2: 57.5% Case 2: 59% Case 2: 57.6%

(lonst, lonst+1°) (lonst+1°, lonst+2°) (lonst+2°, lonst+3°) (lonst+3°, lonst+4°) (lonst+4°, lonst+5°)

Case 1: 91% Case 1: 84% Case 1: 89% Case 1: 89% Case 1: 89%

Case 2: 63.6% Case 2: 54.5% Case 2: 62.6% Case 2: 56.5% Case 2: 58.6%

TABLE 5 Altitude dependence of the agreement between ionosonde and radio occultationmeasurements in detecting the Es layer. Case 1 represents Es
radio-occultation = 1, while case 2 is Esionogram = 1.

90–95 km 95–100 km 100–105 km 105–110 km 110–115 km >115 km

Case 1: 81.5% Case 1: 85.2% Case 1: 89% Case 1: 91.7% Case 1: 93.1% Case 1: 88.4%

Case 2: 48% Case 2: 57.5% Case 2: 60.1% Case 2: 65.3% Case 2: 66.5% Case 2: 32.4%

TABLE 6 Seasonal dependence of the agreement between ionosonde and radio occultationmeasurements in detecting the Es layer. Case 1 represents Es
radio-occultation = 1, while case 2 is Esionogram = 1.

Local spring (Mar, Apr, and May) Local summer (Jun, Jul, and Aug) Local autumn (Sep, Oct, and Nov) Local winter (Dec, Jan, and Feb)

Case 1: 87.3% Case 1: 95.4% Case 1: 83.5% Case 1: 67.5%

Case 2: 47% Case 2: 43.8% Case 2: 50.5 Case 2: 40.5%

TABLE 7 Local time dependence of the agreement between ionosonde and
radio occultationmeasurements in detecting the Es layer. Case 1 represents
Es radio-occultation = 1, while case 2 is Esionogram = 1.

0–3 3–6 6–9 9–12

Case 1: 66.1% Case 1: 80.5% Case 1: 98.7% Case 1: 99%

Case 2: 55% Case 2: 52.7% Case 2: 51.4% Case 2: 54%

12–15 15–18 18–21 21–24

Case 1: 97.5% Case 1: 93.4% Case 1: 79.6% Case 1: 67.8%

Case 2: 52.7% Case 2: 57.6% Case 2: 57.8% Case 2: 62.1%

TABLE 8 Solar zenith angle dependence of the agreement between
ionosonde and radio occultationmeasurements in detecting the Es layer.
Case 1 represents Es radio-occultation = 1, while case 2 is Esionogram = 1.

Less than 45° 45°–90° 90°–135° More than 135°

Case 1: 100% Case 1: 98% Case 1: 68.4% Case 1: 47.5%

Case 2: 65.3% Case 2: 51.2% Case 2: 62% Case 2: 63.3%

by technical issues or upper-layer effects like spread F from the
ionospheric F layer. As SNR values are affected by the viewing
angle of the GNSS satellite in relation to the LEO satellite antenna,
normalized SNR values were used instead of SNR. This was carried
out through the following formula (Arras, 2010):

SNR′ (i) =
SNR(i)

SNR
,

where SNR′ (i) is the normalized SNR at profile i and SNR is the
average SNR value of all profiles.

According to Wu et al. (2005), the Es layer typically extends
horizontally for hundreds of kilometers, with a thickness of a
few kilometers. Considering that approximately 1° corresponds
to 100 km, a 2° latitude × 5° longitude grid was implemented
around each ionosonde station to ensure simultaneous observations
between ground-based and GPS radio occultation techniques. This
grid size was intentionally chosen to be smaller than the average
dimensions of the Es layer. Following the identification of all radio
occultation crossings within a time difference of less than 15 min,
all synchronous ionograms were inspected manually to find Es
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FIGURE 3
(A) Monthly dependence of the Es layer detection agreement when using radio occultation versus using ionosonde at the Northern Hemisphere (left)
and Southern Hemisphere (right). (B) Local time dependence of the Es layer detection agreement when using radio occultation versus using
ionosonde. (C) Solar zenith angle dependence of the Es layer detection agreement when using radio occultation versus using ionosonde. These results
are related to case 1 (Esradio-occultation = 1).

events.The 15-min time interval was selected based on the sounding
frequency of the ionosonde stations.

3 Results

Through a comparison of ionosonde recordings andGNSS radio
occultation profiles, the results demonstrate that the agreement

between the two methods in detecting Es layers ranged from 60% to
80% at different stations.We identified four possible outcomes when
comparing the detection of Es layers using ionograms and GPS SNR
profiles: 1) both methods detected the Es layer, 2) the Es layer was
identified in ionograms but not in GPS SNR profiles, 3) GPS SNR
profiles indicated the presence of an Es layer, but no signal reflection
was recorded via the ionosonde in the corresponding epoch in
the E region, and 4) neither method recorded the occurrence of
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an Es layer. To gain a more comprehensive understanding of the
distribution of these four types across all conjunction data points,
we provided a confusionmatrix of approximately 9,000mid-latitude
observations, presented in Table 2. It is important to note that in
this paper, the notation Es = 1 signifies the presence of the Es layer,
while Es = 0 denotes its absence. Furthermore, the detection of the Es
layer using a specific technique is shown on the index. For instance,
Esionogram = 1 indicates that the Es layer has been detected using an
ionosonde.

Table 2 illustrates that the detection of Es layers is in
agreement between ionograms and radio occultation observations
in approximately 70% of the data points (summation of Type 1 and
Type 4).The remaining observations are divided into two categories:
Type 2 and Type 3, which account for approximately 30% of the
observations. Type 2 represents approximately 65% of the remaining
data, where the Es layer is observed in ionograms but not in radio
occultation profiles. Conversely, Type 3, which represents almost
35% of the remaining observations, indicates the presence of an Es
layer according to satellite data, but no signal reflectionwas recorded
in ionograms. Examining similar tables for each station from 2007
to 2017, we observed that the disagreement rate between the two
methods (summation of Type 2 and Type 3) varies between 20%
and a maximum of 40%.

Figure 2 showcases two illustrative examples, specifically Type
2 and Type 3, that were examined in this study. In Figure 2A,
we present an ionogram captured from the I-Cheon station on
February 8, 2012, at 16:15. The station is located at 37.1° latitude
and 127.5° longitude. The ionogram reveals the presence of an
Es layer situated at an altitude of approximately 110 km. Notably,
this Es layer appears relatively weak, characterized by an foEs
value of 1.8 MHz and an fbEs value of 1.6 MHz. The subsequent
ionogram taken at 16:30 does not display the presence of the Es layer
observed earlier. This observation suggests the possibility that the
I-Cheon station is located at the edge of the Es layer, where small
horizontal displacements may influence the observations and result
in the layer’s intermittent visibility. In Figure 2B, we examine the
GPS L1 SNR profile and its standard deviation for the same day.
This profile was obtained using a 3-min time interval and a 0.2°
difference in latitude at the same longitude. Upon closer analysis, we
notice a slight increase in the signal standard deviation at altitudes
approximately 95 km and 110 km. However, these deviations do not
meet our predetermined criteria for detecting an Es layer. Despite
the observed variations in signal standard deviation, they do not
exhibit the necessary strength or magnitude to fulfill our detection
criteria.

The ionogram displays two distinct ionospheric echo traces,
namely, the ordinary (pink) and extraordinary (green) traces, which
are attributed to the ionosphere’s doubly refracting nature caused by
the Earth’s magnetic field (FengJuan et al., 2022).

As an illustrative example of Type 3, we present Figure 2C,
which showcases an ionogram obtained from the Grahamstown
ionosonde station on October 18th, 2010, at 19:15. Upon examining
the ionogram, it is evident that there is no recording of the ordinary
mode Es layer. This absence of a distinct Es layer signature indicates
that the concentration of plasma in the E layer is insufficient to
meet the criteria for classification as an Es layer in the ionogram.
This observation suggests that the conditions necessary for the
formation of a well-defined Es layer were not present during the

time of the recording at the Grahamstown station. In contrast,
Figure 2D provides further insights by presenting the GPS L1
signal data collected from a location situated approximately 0.1°
in latitude and longitude from the ionosonde station, at the same
time as the ionogram recording. Notably, the GPS signal data reveal
distinct disturbances in the altitude range of 100–110 km. These
disturbances are indicated by a standard deviation greater than 0.2,
exceeding our predetermined criteria for detecting an Es layer in
radio occultation data. Therefore, based on our criteria, we can
confidently confirm the detection of an Es layer using the radio
occultation technique.

In order to better understand the discrepancy between
ground-based and satellite technique in Es layer detection, we
performed a statistical analysis using amulti-year dataset of crossing
observations at six stations.The analysis has been performed within
different distances from the center station, at different seasons,
and local times. The subsequent sections present statistical results
of conjunctions at the Pruhonice station (50° N and 14.6ºE) as
an example of two separate cases: case 1 refers to conjunction
data points in which an Es layer is detected through the radio
occultation technique and is either confirmed by ionograms or
not (Esradio-occultation = 1); case 2 is characterized by the detection of
an Es layer through ionograms while radio occultation signals may
or may not be affected by the Es layer (Esionogram = 1). It is important
to note that in all the following results, the agreement rate between
the two methods in case 1 is always higher than in case 2. This can
be simply explained by results in the confusion matrix presented
in Table 2. The number of conjunction observations in which the
Es layer is detected by an ionogram and not by radio occultation is
almost half of those in the reverse type.

3.1 Local dependence of the
ground/satellite Es agreement

The conjunction observations were classified into 0.5° latitude
bands based on their distance from the Pruhonice station. The
agreement between Es events derived from the ionosonde and radio
occultation was then measured and presented in Table 3 for both
cases. In case 1, each latitude band contained approximately 220
conjunction observations, while in case 2, there were approximately
330 observations in each latitude band. Similarly, the longitudinal
dependence of the agreement between the two methods was
examined in 1° longitude bands and presented in Table 4. For case
1, there were approximately 170 conjunction observations in each
longitude band, while for case 2, there were approximately 260
observations.

The agreement between the ionosonde and radio occultation
measurements of Es recordings was examined at various latitudinal
and longitudinal distances from the base station.The results revealed
that there is no significant dependence on the distance from the
ionosonde station in both cases.This implies that the discrepancy in
Es detection between ground-based and satellite techniques is hardly
influenced by the distance from the ionosonde station, provided
that a 2° latitude × 5° longitude grid around each ionosonde is
considered.

As presented in Table 5, the altitude dependence of the
agreement between ionogram and radio occultation observation
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in detecting Es layers was studied in 5 km altitude bands. In both
cases, the agreement between the two methods increased with
the increase in altitude and reached its maximum at 105–115 km.
However, beyond this height range, the agreement dropped. This
trend is because the maximum amplitude of Es occurrence is found
at heights between 95 and 115 km.

3.2 Temporal dependence of the
ground/satellite Es agreement

To proceed, the conjunction data were sorted into various
seasons and local times to investigate if the agreement in detecting
Es through two methods varies with the local time and season.
Table 6 presents that in case 1, the highest level of agreement was
observed in the local summer, whereas the lowest was seen in local
winter. However, in case 2, the agreement demonstrated almost
no dependence on the season. The number of conjunction data
points is rather equally distributed during different months, in each
station. For case 1, there were at least 230 conjunction observations
in each longitude band, while for case 2, the minimum number
of conjunction observations was approximately 380. Additionally,
the results in Table 7 indicate that for case 1, the agreement was
highest during the daytime and remained at a nearly consistent level
during different local times for case 2. The number of conjunction
observations studied at each local time grid was at least 100.

The solar zenith angle dependence of the agreement between the
ionosonde and radio occultation presented in Table 8 confirms our
previous results.

According to the seasonal and local time dependence of the Es
detection agreement between the two methods, we can conclude
that in case of observing a radio occultation signal disturbance that
meets the criteria of Es layer detection proposed by Arras & Wickert
(2018), there is a higher likelihood of recording an ionogramEs layer
echo in a nearby location during the daytime and local summer.

All stations show similar spatial, seasonal, and local-time
dependence. An overview of the monthly dependence of the Es
detection via two different methods in case 1 is demonstrated in
Figure 3A. The month-to-month agreement of the Es detection
between the ionosonde and radio occultation in Pruhonice, I-
Cheon, andRamey of theNorthernHemisphere station ismaximum
during May, June, July, and August; on the other hand, the
maximum in Grahamstown, Madimbo, and Learmonth in the
SouthernHemisphere occurs duringNovember, December, January,
and February. As shown in Figure 3A, Learmonth on the right panel
shows a better agreement with radio occultation observations in
recording Es occurrences. This can be due to different technical
aspects or operating software being used at different ionosonde
stations.

According to the results presented in Figure 3B, Es layers
recorded in the ionogram agree largely with those in radio
occultation measurements during local times between 6 and 18.
During this time period, the agreement is greater than 80% in all
stations. However, during night time, it can go down to 40% at some
stations. Supporting that, as shown in Figure 3C, all ionosonde Es
layer recordings have a greater agreement with Es layers detected in
satellite observations when the solar zenith angle is less than 90°.

TABLE 9 S4 dependence of the agreement between ionosonde and radio
occultationmeasurements in detecting the Es layer at IC437.

0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

71% 81% 93% 97% 100%

TABLE 10 foEs dependence of the agreement between ionosonde and radio
occultationmeasurements in detecting the Es layer at IC437.

foEs<2.5 2.5–3 3–3.5 3.5–4 4–4.5 4.5–5 5–5.5 foEs>5.5

47% 55% 63% 72% 74% 66% 55% 54%

TABLE 11 fbEs dependence of the agreement between ionosonde and radio
occultationmeasurements in detecting the Es layer at IC437.

fbEs<2.5 2.5–3 3–3.5 3.5–4 4–4.5 4.5–5 5–5.5 fbEs>5.5

52% 50% 55% 78% 71% 61% 47% 43%

We conducted a similar study on other stations to examine the
temporal dependence of the agreement between the two methods
for case 2 in which all conjunction ionograms record an Es
layer. However, no specific daily, monthly, or local dependence
was discovered. Additionally, we analyzed the agreement year
by year for each station to assess the influence of the 11-year
solar cycle. The findings revealed that the agreement between
the two methods remained relatively constant, with no significant
differences indicating no solar cycle dependence.

3.3 Es intensity dependence of the
ground/satellite Es agreement

We examined the dependence of the agreement between the
two Es detection methods on the intensity of the Es layer by looking
into the S4 index in case 1 and foEs and fbEs parameters in case 2.
The agreement between Es events measured by the radio occultation
technique with the Es layers recorded in the ionogram has been
measured in 0.2 length S4 bands and presented in Table 9. As
shown in the table, the agreement increases with the increase in
S4. Therefore, the higher the Es intensity detected by the satellite
is, the more probable it is to observe an Es layer in the conjunction
ionogram.

In order to examine the Es intensity dependence in case 2,
we studied the foEs dependence of the satellite and ground-based
Es detection agreement. The results are presented in Table 10. In
general, the agreement increases as the foEs becomes larger, but the
agreement rate drops as foEs goes higher than 4.5–5 MHz.

Based on our analysis, more than 80% (i.e., 3798 blanketing
Es events of the 9,000 conjunction points presented in Table 2)
of the Es events in mid- and low-latitude regions were found to
be blanketing Es. By taking into account only the blanketing-type
Es and repeating all previous analyses, the temporal and spatial
dependence of the Es detection method agreement stays the same.
Therefore, we conducted an analysis to study thefbEs dependence of
the ionosonde and satellitemethod agreement in detecting Es layers.
The fbEs results presented in Table 11 were similar to the foEs.
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FIGURE 4
(A) Ionogram of the IC437 station (lat: 37.1° and lon: 127.5°), June 8, 2012, 2:00. (B) SNR profile of a crossing radio occultation (lat: 36.9° and lon: 130.7°)
on June 8, 2012, at 1:55, and its corresponding standard deviation profile. (C) Ionogram of the IC437 station (lat: 37.1° and lon: 127.5°), May 26, 2015,
1:45. (D) SNR profile of a crossing radio occultation (lat: 36.9° and lon: 129.6°) on May 26, 2015, at 1:48, and its corresponding standard deviation profile.

4 Discussion

According to Table 10, when the foEs value is greater than
average, the agreement between the two methods in detecting the
Es layer decreases. We also noticed that 64.4% of these conjunction
observations with a high fbEs value had an extremely large SNR
value as well. Figure 4 provides two examples of such events.
Figure 4A shows a strong blanketing Es, and in Figure 4B, there is
a crossing radio occultation signal which is highly disturbed but not
marked as an Es event. Arras and Wickert (2018) only showed tag
signals with a standard deviation greater than 0.2 within the altitude

range of 10 km as an Es layer. By applying these criteria, very strong
Es layers, which cause very big standard deviation at a high-altitude
band, will sometimes be overlooked.

Figure 4C is another example of a severe Es layer that blankets
the echo from upper layers of ionosphere. As shown in Figure 4D,
the radio occultation signal traveling from above reaches an Es layer
at approximately 110 km and gets disturbed intensely. As a result of
this disturbance, the normalized SNR reduces to less than one third
of its initial amount. Such severe disruptions (in this case foEs =
6.3 MHz) caused by Es events can sometimes result in GNSS signal
loss (Yue et al., 2016). Hence, despite the global Es data coverage that
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radio occultation provides, it seems that further improvements can
be applied to the Es detection criteria proposed byArras andWickert
(2018).

The discrepancy between Es layers detected in ionograms
and those observed in radio occultation might also exist due to
limitations in the Es layer detection capability of the ground-based
techniques. The ionosonde data used in this study are all derived
from the Lowell data center. Nevertheless, it should be noted that
the stations do not always utilize the same software. Furthermore,
there are variations in hardware and technical aspects across
different stations, including variations in antenna configurations
from site to site. Factors such as sounding frequency, antenna
type, system maintenance, and other technical considerations can
potentially influence the detectability of Es layers. As demonstrated
in Figures 3A, D, although the Learmonth station follows the
same temporal dependence as other Southern Hemisphere stations,
it has always a higher agreement rate with radio occultation
observations in comparison to others. Ionosonde stations have
different limits of density sensitivity, depending on their operating
mode. Therefore, the detectability of the Es layer can depend on the
ionosonde station and vary from one ionosonde to another based
on their different software and technical facilities. Additionally, it
is always possible to have human errors, when scaling ionograms
manually.

Another potential factor contributing to the observed
discrepancies between ground-based and satellite measurements
of Es layers is the fundamental difference in the Es detection
mechanisms employed by the two methods. It is important
to recognize that ionosonde and satellite observations utilize
distinct approaches to detect Es layers, which can yield divergent
measurements of these atmospheric phenomena. These inherent
dissimilarities in detection mechanisms may offer a plausible
explanation for the contradictory findings observed between
ground-based and satellite techniques. In ionosonde observations,
Es layers are typically identified and recorded in ionograms by
analyzing the electron density of the E layer, which is derived
from the transmitted ionosonde signal. The ionogram provides
information about the plasma density distribution within the
ionosphere, allowing for the detection of Es layers based on their
characteristic electron density patterns. However, in the radio
occultation technique employed by satellites, the detection of
Es layers relies on the observation of electron density gradients
that induce scintillations in the global navigation satellite system
(GNSS) signals. In this case, it is the presence and magnitude of
these gradients that are indicative of the presence of Es layers.
This fundamental disparity in the underlying mechanisms for Es
detection between ground-based ionosondes and satellite-based
radio occultation techniques can give rise to varying measurements
of Es layers obtained through each method. For instance, there
may be cases where an Es layer, such as the one depicted in
Figure 2C, exhibits a plasma density that is too weak to be
discerned and recorded in an ionogram. However, despite the lower
plasma density, the associated electron density gradient can still
be significant enough to cause disturbances in radio occultation
signals, leading to their detection using satellite observations. This
physical distinction in the detection approaches of the two methods
may also provide an explanation for the observed maximum
agreement between ground-based and satellite techniques during

the daytime and local summer periods, as these conditions can favor
the generation of notable electron density gradients within the Es
layer.

5 Conclusion

In this study, we conducted a comprehensive comparison
between the Es recordings obtained from six mid- and low-
latitude ionosonde stations and the corresponding FORMOSAT-
3/COSMIC radio occultation measurements, utilizing the method
proposed by Arras & Wickert (2018). Our analysis focused on
examining the local and temporal variations in the agreement
between the ground-based and satellite techniques for detecting
Es layers. The key findings of our investigation are summarized as
follows:

1. At different ionosonde stations, we observed a noticeable
disagreement of 20%–40% between the ground-based and
satellite measurements of Es layer occurrence. The extent
of this discrepancy varied depending on factors such as
local time, season, and altitude at which an Es event
occurred. These findings emphasize the importance of
considering the specific conditions under which Es layers are
detected.

2. Our results indicate that the agreement between ground-based
and satellite measurements of Es layer occurrence is highest
during local summer and daytime. When the Es detection
method proposed by Arras & Wickert (2018) identifies an Es
layer in radio occultation observations, it tends to align more
closely with the ground-based measurements during these
specific periods.

3. We observed that certain ionosonde stations demonstrated a
consistently stronger agreement with satellite Es observations
throughout the year.This observation suggests that differences in
technical facilities and measurement software among ionosonde
stations may influence their compatibility in Es detection.
Further investigation into these variations can provide valuable
insights into improving the overall consistency between ground-
based and satellite techniques.

4. The detection capability of Es layers using radio occultation data
is dependent on the specific criteria employed in the analysis of
GNSS signals. For instance, our study identified instances where
severe Es layers were not captured in the radio occultation data
due to their high signal standard deviation across a wide range
of altitudes. This observation underscores the need for careful
consideration and refinement of the criteria used in analyzing
GNSS signals to enhance the detection and characterization of
Es layers.

5. A fundamental distinction exists between ground-based
ionograms and satellite techniques in measuring Es layers.
Ionograms record the E region plasma density, while satellite
techniques focus on measuring the E region plasma density
gradient, responsible for GNSS signal scintillations.This inherent
difference contributes to observed discrepancies. Additionally, it
explains the higher agreement during daytime and summer,
characterized by more pronounced plasma density gradients.
This information highlights that there is no single definition
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of Es layers that can simultaneously satisfy both satellite and
ground-based observations. In future studies, it is helpful to
clearly define Es for each investigation and be mindful of the
disparities between the chosen approaches.

In conclusion, our study conducts a comparison of ground-
based and satellite measurements of Es layers, shedding light on
the local and temporal factors influencing their agreement. While
acknowledging the limitations and specific conditions of our study,
further investigations can build upon these findings to refine the
detection and characterization of Es layers and enhance the overall
understanding of ionospheric dynamics. Future research should
explore alternative data analysis techniques, incorporate a larger
number of ionosonde stations, and consider additional factors that
may impact the agreement between ground-based and satellite
measurements. By addressing these aspects, we can advance our
knowledge of Es layers and their impact on ionospheric behavior in
different regions and seasons.
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