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Abstract
The Global Navigation Satellite System Radio Occultation (GNSS-RO) technique has proven to be a powerful tool for study-
ing E-region irregularities, i.e., Sporadic E (Es) which is primarily associated with the amplitude and phase scintillations. In
the present study, an extensive 7-year GNSS-RO scintillation indices data from the Constellation Observing System for Me-
teorology, Ionosphere, and Climate (COSMIC) observations was employed to investigate the global distribution and seasonal
variation of the Es occurrences under solar activity near the magnetic dip equator. Our analysis from the Earth’s magnetic
field parameters such as horizontal intensity and inclination estimated by the International Geomagnetic Reference Field
model (IGRF) reveals that Earth’s magnetic field plays a crucial role in determining the global distribution of Es layers.
Moreover, the abundance of Es shows a clear dependence on season/longitude, and the occurrence statistics of Es are closely
aligned with the earlier reports. The solar activity dependence of the Es occurrence characteristics demonstrates its signif-
icant reduction with increased solar activity for most of the seasons in all longitude sectors. We address the Gradient Drift
instability as a source mechanism of the Es layer’s appearance at the magnetic dip equator, where wind shear theory fails to
operate because of the minimal inclination of the geomagnetic field.
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1 Introduction

The Earth’s ionosphere, a region of the upper atmosphere
extending from approximately 50 to 1000 kilometers above
the Earth’s surface, plays a crucial role in global communi-
cation, navigation, and weather prediction (Langley 2000).
Understanding the complex dynamics of the ionosphere is
of paramount importance for various technological applica-
tions and scientific endeavors. During the last three decades,
significant advancements in understanding and modeling
various ionospheric parameters/phenomena such as electron
density, equatorial wind and electrodynamics, ionospheric
TEC gradients, equatorial spread-F (ESF), scintillation in-
dices, and sporadic E layers under varied seasons, solar and
geomagnetic conditions and their altitudinal and latitudinal

variations (Arras et al. 2008; Jiao et al. 2017; Resende et al.
2018b; Huang 2018; Li et al. 2020; Qiu et al. 2021; Tang
et al. 2022; Emmons et al. 2023; Fontes et al. 2024). One
intriguing phenomenon that occurs within this dynamic re-
gion is the sporadic E (Es) layer. Es is a sporadic and local-
ized enhancement of electron density within the ionosphere,
typically occurring in the E region, which lies at an alti-
tude of 90 to 120 kilometers with a thickness of 0.5 – 5 km
and a horizontal extent of 10-1000 km (Whitehead 1970;
Yakovlev et al. 2008). These thin sheet layers are called Es
layers because of their apparent intermittent appearances in
time and space. As per earlier literature, Es layers under-
writes about more than 30% of the ionospheric irregularities
that can affect the signal tracking performance in the global
positioning system (GPS)/global navigation satellite system
(GNSS) based operations (Yu et al. 2020). Such transient
electron density structures can drastically affect other radio
wave propagation, leading to ionospheric scintillations (Seif
et al. 2017, 2015, 2012; Zou and Wang 2009) and acute fad-
ing of the signals to cause temporary interruption or even
loss of lock in satellite-based communication and navigation
systems (Mao et al. 2018; Vankadara et al. 2022). Studying
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the characteristics and behavior of sporadic E is essential for
improving the reliability and accuracy of modern technolog-
ical systems relying on trans-ionospheric radio propagation
services. The wind-shear theory is the most common the-
oretical explanation for the formation of Es layers (White-
head 1989). According to this theory, mainly the east-west
neutral wind due to tides or gravity waves moves the ions
vertically in the E region ionosphere. Vertical shear in this
wind, in the correct sense, compresses the ions into a thin,
patchy sheet layer (Whitehead 1989, 1970). The theory has
proven to work well in the mid-latitude, where the mag-
netic inclination angle is steep enough to produce Es layers
(Collinson et al. 2020; Fujita et al. 1978; Hajkowicz 1978,
1977; Hajkowicz and Minakoshi 2003; Ogawa et al. 1989;
Sinno 1980; Whitehead 1989, 1970). In equatorial regions,
almost no Es layers are observed due to the strong magneti-
sation of the electrons associated with the exactly horizontal
field lines, thereby not allowing the electrons to follow the
converging ions moving with the neutral wind (Arras and
Wickert 2018). Rather, the Es layers are believed to have a
strong correlation with the plasma irregularities under EEJ
conditions whereas during certain CEJ days, the Es layer
turns into a temporary blanketing Es layer (Esb) that could
be associated with the equatorial electrojet current plasma
instabilities, mainly the gradient drift instability, also known
as Type II irregularity (Dhanya et al. 2008; Forbes 1981; Re-
sende et al. 2016; Tsunoda 2008; Whitehead 1989, 1963).
However, the polar latitudes are accompanied by two types
of Es: a) thin-layered Es formations with less electron den-
sity related to wind shear and b) thick-layered Es forma-
tions with increased electron density corresponding to high
energy particle precipitation associated with intensive shock
waves of the solar wind (Yakovlev et al. 2010). The con-
centration of Es ions in this region is effectively achieved
through the action of convection electric fields and the verti-
cal movement of gravity waves. This process is highly effi-
cient according to studies conducted by Kirkwood and Nils-
son (2000) as well as MacDougall et al. (2000a, 2000b). Ac-
cording to the wind-shear theory, an Es layer will not form
when the inclination angle becomes too small which implies
that intense Es layers are hardly expected at the magnetic dip
equator. Nevertheless, previous studies conducted in the low
latitude and equatorial regions suggest the appearance of Es
and show the occurrence of Es is associated with daytime
scintillation (Alfonsi et al. 2013; Huang 1978; Kumar et al.
2007; Patel et al. 2009, 2007; Seif et al. 2017, 2015, 2012;
Zou 2011; Zou and Wang 2009). The question arises as to
what are the source mechanism and the physical processes
that lead to the appearance of daytime Es at the magnetic dip
equator, where the inclination angle is zero and the wind-
shear theory does not work. To address this question, the
present study provides an analysis of RO data covering the
global equatorial regions and presents the possible physical

processes and source mechanisms of the Es at the magnetic
dip equator. The climatology of Es has been the subject of
significant research efforts in recent decades (Axford 1963;
Haldoupis 2011; Hodos et al. 2022; Tsai et al. 2018; White-
head 1961; Wu et al. 2005; Yamazaki et al. 2022) and has
become a rising important issue with the increased reliance
on trans-ionospheric signals for global communication and
navigation applications that are vulnerable to ionospheric
plasma instability. Traditionally, the observation techniques
for studying Es include ground-based ionosondes and inco-
herent scatter radar, measurements from which show signif-
icant variations in midlatitude Es occurrence, with peak ac-
tivity during daytime hours and summer months (Chandra
and Rastogi 1975; Devasia 1976; Dhanya et al. 2008; Farley
1985; Hocke et al. 2001; Kelly 2012; Mathews 1998; Math-
ews and Bekeny 1979; Oyinloye 1971; Reddy and Devasia
1977; Whitehead 1989, 1970). The first global map of the
occurrence of Es layers was produced by Leighton et al.
(1962) by employing available ionosonde data through a
meridional chain of stations. However, it has been difficult
to understand the global Es layer and its evolution mecha-
nism due to sparse coverage of the parameter with the lim-
ited number of worldwide ground-based observatories.

In recent years, significant advancements have been made
in observation and measuring techniques for detecting the
presence of Es layers. Satellite-to-satellite radio communi-
cations, particularly GPS-LEO (Global Positioning System-
Low Earth Orbiter) occultations, offer an ideal setup for
observing layered structures such as Es providing numer-
ous advantages over sparse coverage and limited threshold
limit of ground-based observation techniques (Panda et al.
2021; Yu et al. 2020). For example, ground-based GPS re-
ceivers typically require over-horizon measurements to ob-
serve Es layers (Coco et al. 1995), but these measurements
are often affected by large multipath errors. In contrast,
satellite-to-satellite links generally do not encounter mul-
tipath issues. This means that multipath usually occurs in
the troposphere where the gradients especially of the water
vapour are very strong (e.g., (Liu et al. 2015)). But it can
also appear at ionospheric heights (e.g., (Yue et al. 2016)).
It is not a frequent issue but it appears in line with iono-
spheric irregularities and space weather events. And, can ad-
equately resolve thin-layered structures with high-rate ver-
tical sampling using advanced GPS receivers at frequencies
of 50 Hz and 100 Hz. Additionally, satellite-to-satellite links
offer stronger Es signals compared to ground-to-satellite
links and are less susceptible to contamination from F re-
gion fluctuations. Furthermore, while GPS-ground measure-
ments are limited to regional observations, GPS-LEO occul-
tations provide global coverage, generating approximately
2000 daily profiles using a single antenna. The GNSS RO
system comprises approximately 29 satellites, with 24 func-
tioning and a few spare satellites, arranged in six circular
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orbital planes at an altitude of around 20,200 km with an in-
clination of 55 degrees. These satellites continuously trans-
mit signals at two primary L-band frequencies: 1.6 GHz (L1)
and 1.2 GHz (L2) (Spilker 1978). Given the vast amount of
GNSS RO data available, it is now possible to gain a deeper
understanding of the characteristics of sporadic E near the
magnetic dip equator.

While significant research has been conducted on Es
morphology using GNSS RO data, previous studies have pri-
marily focused on mid-latitude regions. For example, Chu
et al. (2014) utilized measurements from COSMIC RO and
the HWM07 model to investigate the correlation between
the spatial and temporal distribution of Es occurrence rates
and the simulated divergence of vertical Fe+ flux. They dis-
covered that the seasonal variations in Es occurrence rates
are likely to be caused by the convergence of metal ion flux
driven by vertical wind shear that descends under the in-
fluence of diurnal and semidiurnal tides. Referring to the
fundamental role of the atmospheric tides (diurnal, semid-
iurnal, terdiurnal, and quarterdiurnal) on the formation and
descent of Es layers, it is often termed as the “tidal ion lay-
ers” (Haldoupis and Pancheva 2006; Mathews 1998). Shina-
gawa et al. (2017) determined the Vertical Ionization Con-
vergence (VIC) based on simulations of neutral wind and
suggested that the simulated VIC could partially account for
the geographical and seasonal variations observed in Es oc-
currence rates. Yu et al. (2019) conducted a comparison be-
tween the distributions of Es intensity and the divergence
of vertical ion velocity. They observed that wind shear can
explain the seasonal dependency of Es intensity within the
altitude range of 97-114 km, but it becomes challenging to
explain the patterns at higher altitudes. Detailed analyses of
the distributions of RO-derived Es occurrence rates near the
magnetic dip equator regions and their associated diurnal
variations remain limited. Arras et al. (2022) used GNSS
RO, Swarm, and Ionosonde data to study the altitude occur-
rence of Es layers at equatorial region. They found strong al-
titude and longitude dependence of equatorial electric field
on low latitude sporadic E formation. However, they did not
study the global investigation of Es layer. Hodos et al. (2022)
recently developed an updated global climatology of Es with
a huge datasets from GNSS RO and soundings 46 ionosonde
across the globe during the period 2006 – 2019 that provides
a clear picture of Es occurrence rates in terms of localtime,
season, intensity under quiet geomagnetic conditions. Re-
searchers also attempted to model the global Es layer based
on GNSS RO observables during the previous decade, but
those are limited to climatological representation of the pa-
rameter (Niu and Fang 2023; Yu et al. 2022).

Despite the previous research have provided a rough ex-
planation of the distribution and seasonal variation of Es lay-
ers through data observation, modeling and physical expla-
nations through various theories, there is still limited under-

standing regarding the diurnal variation and altitude distri-
bution of these layers near the magnetic dip equator. While
Es has been widely investigated in different regions of the
world, its behavior near the magnetic dip equator remains
relatively unexplored as a major portion of the region falls
in the oceans and a limited number of ground-based obser-
vatories are established so far along the equatorial landmass.
The magnetic dip equator is the region on Earth where the
geomagnetic field lines are parallel to the Earth’s surface.
It exhibits unique characteristics due to the complex inter-
play between the Earth’s magnetic field and the equatorial
ionosphere, the effects of which are mostly observed within
±15° from the dip equator, widely known as the equato-
rial ionization anomaly (EIA) region (Timoçin et al. 2020).
However, the lack of comprehensive studies focusing on
Es in the EIA region has limited our understanding of this
intriguing phenomenon in this specific region. Hence, the
knowledge of the evolution and development of Es in the
equatorial region is important for understanding the atmo-
spheric dynamics and solar-terrestrial interactions.

In this study, we use the GNSS RO observables from
Constellation Observing System for Meteorology, Iono-
sphere, and Climate (COSMIC) constellation of satellites,
to detect the occurrence of Es layers along the magnetic
dip equator in four regions: America, Africa, Asia, and Pa-
cific. The observations using the RO techniques presented in
this paper are essential to present the comprehensive global
properties of Es along the magnetic dip equator ultimately
to understand the source mechanism and the physical pro-
cesses of Es formation where wind shear theory fails to op-
erate. This study contributes to the development of space
weather prediction, development of advanced satellite-based
communication, early warning systems for ionospheric dis-
turbances, and various astronautical science applications.
The remaining part of this article is organized as follows.
Section 2 introduces the dataset and the method that we
used in this study. Section 3 presents the analysis results
including the global occurrence of Es as a function of longi-
tude, latitude, and a global map of it. Section 4 proposes the
physical processes and generation mechanism of Es at the
magnetic dip equator. The conclusion is given in Sect. 5.

2 Data and methodology

The principal instruments used in this study are the low
Earth orbiting (LEO) COSMIC satellites that record iono-
spheric soundings using RO of the GPS signals (Jeng-Shing
Chern and Huang 2013; Juang et al. 2013; Rocken et al.
2000). Each of the LEOs tracks the GPS satellites as they
are occulted behind the Earth’s limb to retrieve up to 2000
daily profiles of key ionospheric properties (Rocken et al.
2000). Radio occultation is a limb-viewing innovative tech-
nique for atmospheric and lower ionospheric observations
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with global coverage and high vertical resolution. The global
coverage is approximately 2000 soundings per day retrieved
from GPS-RO data along the GPS-LEO radio links near the
ray path tangent points. The time series of the amplitude
scintillation (S4 index) for each RO event is recorded by the
COSMIC Data Analysis and Archive Center (CDAAC) in
their level b1, which University Corporation manages for
Atmospheric Research (UCAR), Colorado, United States
of America. The dataset analyzed in this study is available
by CDAAC as “scnLv1” that corresponds to the Level-1b
scintillation data. The onboard algorithm of the GPS RO re-
ceiver does not measure the S4 index directly but measures
the signal-to-noise intensity (square of SNR) fluctuations
from the raw L1 amplitude measurements at 50 Hz sampling
rate which are recorded at 1 Hz rate for minimizing the data
volume. In brief, the raw scintillation output from the re-
ceiver is root mean square (RMS) SNR intensity fluctuation
over one second (1 sec) and mean SNR intensity sampled
at 50 Hz during the above period from which the S4 in-
dex is reconstructed at CDAAC ground processing unit. Ac-
cording to the CDAAC documentation (http://cdaac-www.
cosmic.ucar.edu/cdaac/doc/documents/s4_description.pdf),
the ground processing involves the consideration of the SNR
being following a Gaussian distribution due to scintillation
and thereby applying a low pass filter to the time series of
1 sec averaged intensity for resulting in reconstruction of a
long-term detrended S4 scintillation index. Hence, the am-
plitude scintillations contain information on the existence of
Es as well as their altitude and intensity. The downloaded
CDAAC global data files provide the maximum and mini-
mum values of S4 (S4max and S4min), the average S4 over
the 9 s around S4max (S4max9sec) during an occultation
period (typically 1-15 minute), along with other parame-
ters like geographic latitude, longitude, altitude as well as
local time of the LEO satellite and tangent point (TP) posi-
tions during the S4max detection. In this study, we used the
global S4max9s data in our analysis to avoid any sphurius
outlier in the 1 Hz S4 distribution. A detailed description of
the procedure followed for preprocessing and extracting the
S4 index is provided in earlier literature (Brahmanandam
et al. 2012; Ko and Yeh 2010; Li et al. 2020). To investi-
gate the comprehensive characteristics of Es in the vicinity
of the magnetic dip equator, we use the scintillation GNSS
COSMIC RO data between 2007 and 2013. To avoid the
effects of magnetic disturbances in the analysis, only the
geomagnetically quiet days are considered in this study by
discarding the days having geomagnetic Kp index below 3
units (Kp < 3)., The amplitude scintillatillation index can be
calculated from the signal-to-noise ratio (SNR) observables
following the earlier literature (Syndergaard 2006; Ko and
Yeh 2010; Li et al. 2020) as shown in equation (1).

S4max9s =
√

< (I− < I >)2 >

< I >
(1)

Where S4 index was computed from the raw SNR mea-
surements. “I” denote the square of SNR, and the brackets
present the average taken over 9 s intervals.

Having nine-second values of < I >, a low pass filter can
be applied to a time series of these values to obtain a new av-
erage of the intensity at 9 seconds (Syndergaard 2006). The
tangent point location for each RO data when the maximum
S4 was measured are listed as follows, “alttp S4max”, “lcttp
S4max”, “lattp S4max”, and “lontp S4max” parameters that
represent the altitude, local time, latitude, and the longitude,
respectively. The fluctuations in electron density within the
ionosphere, which can be detected through scintillations in
GPS signals, have a direct connection to the presence of
ionospheric Es layers. Previous studies have utilized this re-
lationship to detect and study these Es layers (Arras 2010;
Chu et al. 2014; Yu et al. 2019). In this study, a threshold
of 0.3 is established for analysis of the scintillation index
(S4max) values from RO data. This criterion identifies the
S4max values between 90 and 120 km that exceed 0.3 as
being associated with Es layers, specifically indicating the
presence of strong Es layers. The weakness of the above
50 Hz data used in this study is that no information can be
obtained above ∼120 km and hence it is hardly possible to
find Es layers at higher altitudes as it might be influenced
by other factors like meridional winds or descending inter-
mediate layers at such height (Arras et al. 2009). The con-
sidered threshold value of S4max aligns with the thresholds
used in previous studies (Carter et al. 2013; Seif et al. 2017;
Yue et al. 2015). For further details of the Es occurrence,
the readers may refer to Figs. 3- and 4-page 1573 of Seif
et al. (2017). Earlier comparison studies of Yu et al. (2020)
at low and middle latitude ionosonde stations with nearly a
decadal datasets (from 2006 to 2014) emphasizes the use of
COSMIC RO data for global Es layer measurements. Sim-
ilar studies have been conducted by Resende et al. (2018a)
in the Brazilian region reporting good agreement of RO de-
rived Es layer characteristics with those from the coincident
digisonde observations.

The data processing procedure is depicted in Fig. 1,
showcasing a simplified overview. Following that, extracting
all the eligible S4max values and identifying the Es-related
values between 2007 and 2013.

3 Results

Using a comprehensive dataset spanning seven years, this
study enables a further understanding of the characteristic
occurrence of Es during both the solar minimum and maxi-
mum periods. The initial phase of the analysis involves plot-
ting the magnetic inclination angle, also known as the “mag-
netic dip angle,” which is obtained from the International
Geomagnetic Reference Field (IGRF) model (Macmillan

http://cdaac-www.cosmic.ucar.edu/cdaac/doc/documents/s4_description.pdf
http://cdaac-www.cosmic.ucar.edu/cdaac/doc/documents/s4_description.pdf
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Fig. 1 A flowchart that presents the process for calculating Es occur-
rence using RO data

and Maus 2005), against Local Time (LT). Moreover, the
study examines the dependence of altitudinal, seasonal, and
longitudinal variations of Es. Finally, the study investigates
the impact of solar maximum on the Es identified by the
COSMIC satellite.

3.1 The altitude distribution of Es in COSMIC data

The occurrence of Es for different altitudes and dip angles
for four distinct seasons is presented in Fig. 2. As can be
seen from the Fig. 2, the summertime Es is governing at an
altitude range of 90-120 km with the peak around 105 km
between 25°-60° dip angle. This is consistent with the pre-
vious study, as it shows the maximum occurrence of Es is in
the summer time (Wu et al. 2005; Arras et al. 2008; Li et al.
2020). During the March equinox months and December,
the altitude of occurrence of Es is observed at slightly lower
altitude than the summer case, where irregularities form at
an altitude range of 100-105 km. The rate of metallic ions
is higher during summer than in winter due to the higher
level of UV radiation (Whitehead 1989). Figure 3 presents
the seasonal Es occurrence as a function of the magnetic dip
angle. As can be seen from Fig. 3, the Es is scattered around
90 to 120 km with relatively lesser amplitude around the
magnetic dip. However, it is often difficult to determine the
exact altitude which needs further analysis with supportive
datasets.

3.2 Occurrence of Es dependence on season and
longitude

To study the seasonal longitudinal dependence of the occur-
rence of Es using RO data, we used the seven-year F-3/COS-
MIC datasets that were sorted into four seasons (March
equinox: February, March, and April; June solstice: May,
June, and July; September equinox: August, September, and
October; December solstice: November, December, and Jan-
uary). The longitudinal sectors are divided into four re-
gions, namely American (110°W to 20°W), African (20°W
to 70°E), Asian (70°E to 160°E), and Pacific (160°E to
110°W). Figure 4 shows the result of this data sorting. This
further data sorting reveals a strong dependence of the dip
angle-LT distributions on longitude and season. The equato-
rial and winter–hemispheric Es are dominated by a diurnal
variation, with the peak in the late afternoon (Chandra and
Rastogi 1975; Devasia 1976). The Es percentage occurrence
is calculated for s4max9s ≥ 0.3 between 0600 and 1800 LT
and between 0-50° magnetic dip angles. The highest Es oc-
currences were in the Asian sector during June (summer).
Overall, the fewest occurrences of Es were detected in the
American and Pacific regions for all times of the year, ex-
cept for the summer solstice, when the least Es occurrences
were detected in the American region.

3.3 Es occurrences dependance on magnetic
dip-angle

In order to show the occurrence of sporadic E layers on the
map, we first study the occurrence of Es as a function of
Geographic latitude, dip latitude, and dip angle (inclination
angle), as shown in Fig. 5. It can be seen from Fig. 5 that
scintillation (S4 index) as a function of inclination angle is
wider and shows it depends on inclination angle. Please note
that the occurrences of Es that we considered in our analysis
also shown in Fig. 5 occurred between 90 and 120 km. This
is consistent with the results obtained by Wu et al. (2005),
who showed the global coverage of Es occurrence, diurnal,
and seasonal variations of it, and presented that their activi-
ties depend on geomagnetic dip angle.

The GNSS RO measurements provide global maps of Es
with a high vertical resolution. Figure 6 shows the first long-
term series of Es occurrence derived by GNSS RO data from
2007 to 2013. It also represents a higher spatial resolution
compared to earlier maps. To clearly show the occurrence
of Es at the magnetic dip equator, we plotted the occurrence
of Es as a function of the inclination angle with the focus at
the magnetic dip equator in Fig. 7. The main features that
can be obtained from Figs. 6 and 7 are (1) the distribution of
Es around the Earth shows the abundance of Es over South-
east Asia compared to its scarcity over Africa and America
sectors, and (2) the occurrence of Es at the magnetic dip
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Fig. 2 Seasonal occurrence of
Es in Altitude-dip angle
detected with COSMIC. The
plot for the top right is June
solstice (May, June, July), top
left is December solstice
(November, December,
January). The plot at the bottom
right represents the September
equinox (August, September,
October), whereas the bottom
left denotes March equinox
(February, March, April)

Fig. 3 Seasonal Es occurrence
in the altitude-dip angle at the
magnetic dip equator detected
with F-3/COSMIC. The layout
in the plot is similar to Fig. 2

equator. Earlier studies show that over Southeast Asia, the
wind pushes the ions and particles together more than over
Africa and American sectors because the horizontal compo-
nent of the Earth’s magnetic field is more significant (White-
head 1989, 1970). The rate of metallic ion production is thus
greater over Southeast Asia and Es production is more effec-
tive. Again, the effect of a few more ions initially can lead to
more abundant Es. In fact, the theory suggests that the com-
pression mechanism is most effective in regions, where the
horizontal component of the Earth’s magnetic field (Bh) is
largest. In Southeast Asia, where Bh reaches its maximum,

sporadic E is highly intense compared to any other location
on Earth. Conversely, in South Africa, where Bh is at its
minimum, sporadic E is quite uncommon, even during the
summer (Whitehead 1989, 1970).

3.4 Es occurrences dependence on solar activity

To understand how the occurrence of the sporadic E layer in
the ionosphere changes during different years of solar activ-
ity, we study the occurrence of Es in response to solar vari-
ability. Figure 8 illustrates the occurrence of the Es layer in
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Fig. 4 The magnetic dip-LT distributions of Es occurrence for different longitude sectors (columns) and seasons (rows)

Fig. 5 a) Occurrence of scintillation as a function of Geographic lat-
itude, dip latitude, and inclination angle (from above) obtained from
GNSS RO from 2007 to 2013. b) Occurrence of scintillation above
200km as a function of Geographic latitude, dip latitude, and inclina-

tion angle (from above) obtained from GNSS RO. c) Occurrence of
scintillation below 200 km as a function of Geographic latitude, dip
latitude, and inclination angle (from above) obtained from GNSS RO
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Fig. 6 A global occurrence map
of Es detected from COSMIC
measurement in 2007-2013

Fig. 7 Occurrence of Es along the magnetic dip equator (±15°) as a
function of geographic latitude and longitude

the Earth’s ionosphere during various years of different so-
lar activity cycles in 2007-2013. It is found from Fig. 8 that
a negative correlation of the appearance probability of Es
with solar activity is observed for intensive layers composed
of metallic ions. This is in good agreement with the earlier
studies (Bergsson and Syndergaard 2022; Fontes et al. 2024;
Maksyutin et al. 2001; Maksyutin and Sherstyukov 2005).

Maksyutin et al. (2001) attributed the negative correlation
with solar activity in case of intense Es layers having metal
ions whereas the position correlation corresponds to weak
Es layer with molecular ions. They also pointed the nega-
tive and positive correlations with the zonal and meridional
winds, respectively. Extended studies were conducted later
to demonstrating daytime positive correlation and nighttime
negative correlations. With a huge database of Es recordings
at low, mid and high latitude stations for a period of about 4
solar cycles, (Zhang et al. 2015) emphasized the fundamen-

tal role of the molecular and metallic ions for such opposite
correlations duerings during day and night. (Bergsson and
Syndergaard 2022) explained the anticorrelation in terms of
the varied occurrence altitude of the Es layer during different
seasons that depends on solar activity. There are also other
arguments that increased tidal wind amplitudes over the low
latitudes during the low solar activity period are responsi-
ble for the Es layer formation and vice versa (Andrioli et al.
2022; Fontes et al. 2024).

4 Discussion

A summary of the Es occurrences using COSMIC RO scin-
tillation data over an extended period of seven years has
been given. The spatial and temporal characteristics of Es
occurrences are analyzed for four longitude sectors, Ameri-
can, African, Asian and Pacific, for four seasons to establish
the seasonal longitudinal occurrence of Es. Our observation
from GNSS RO measurements clearly shows the occurrence
of Es at the magnetic dip equator. In the following section,
we describe the physical process of Es formation and the
source mechanism of Es at the magnetic dip equator, where
wind shear theory fails to operate. Earlier results of Chu
et al. (2014) on global Es layer morphology through GPS
RO measurements during the period 2006 to 2011 confirm
that in the equatorial and low latitudes, Es layer occurrences
have a weak correlation with the zonal wind shear. Similar
studies were also conducted earlier to investigate the mor-
phology of sporadic E layers on seasons through different
constellations of RO observations (COSMIC, CHAMP and
GRACE) along with wind shear measured by TIMED/TIDI,
inferring maximum occurrence of Es in the summer hemi-
sphere but could not explain the formation of Es layers and



Characterizing global equatorial sporadic-E layers through COSMIC GNSS radio occultation measurements Page 9 of 14 60

Fig. 8 Occurrence of the Es layer in the Earth’s ionosphere during different year from 2007 to 2013, referring to gradual increase in solar activity
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Fig. 9 The plot schematically illustrates the neutral wind moving per-
pendicular to the magnetic field B that causes a slightly tilted ion drift
as represented in dashed arrow

its relation with wind shear at the equatorial region (Arras
et al. 2008; Liu et al. 2018; Niu et al. 2019; Wu et al. 2005).
Hence, the other mechanisms such as localization of mag-
netic field distribution, ionospheric electric fields, distribu-
tion of metallic ions and the chemical reactions therein could
be explored (Shinagawa et al. 2017).

4.1 Plasma instability mechanism for Es production
at the magnetic dip equator

In order to comprehend the physical mechanisms and forma-
tion of Es at the magnetic dip equator, it is crucial to under-
stand the plasma instability that occurs within the E-layer,
where clusters of ions appear. To maintain charge neutrality,
electrons are drawn towards these ion clusters. In the vicin-
ity of the magnetic dip equator, there exists an ambient elec-
tric field perpendicular to the magnetic field. The magnetic
field aligns in the north-south direction, while the electric
field aligns in the east-west direction, as depicted in Fig. 10
(a). The Hall effect arises from this configuration, leading to
the generation of a vertical electric field in the ionosphere.
Simultaneously, the neutral wind, which is also perpendicu-
lar to the electric and magnetic fields, exerts a substantial in-
fluence on ions but has minimal impact on electrons (White-
head 1997a,b). Consequently, when a neutral wind blows
across the magnetic field, it primarily induces ion drift in
the direction of the neutral wind, at nearly the same veloc-
ity. However, due to the influence of the magnetic field, these
ion drifts exhibit a slight skewing (Whitehead 1997a), as il-
lustrated in the sketch in Fig. 9.

Figure 10 provides a depiction of the ionosphere in the
vicinity of the magnetic dip equator, illustrating the pres-
ence of a significant charge accumulation at the upper and
lower side of the ionosphere. Close to the magnetic dip equa-
tor, the electron drift occurs vertically, while the magnetic
fields are horizontal leading to the development of a strong
electric field at the upper and lower side of the ionosphere
(Forbes 1981; Whitehead 1997a,b). Since the magnetic field

is horizontal, the electrons are unable to travel along its di-
rection to neutralize the charge (Whitehead 1997a). In or-
der to prevent further charge build-up, the vertical electric
field at the magnetic dip equator must be sufficiently power-
ful to drive ions at a speed comparable to the vertical elec-
tron drift. Simultaneously, the strong electric field induces
a horizontal electron drift in the east-west direction, with
a velocity significantly higher (around 10 times) than the
ion drift. Consequently, there is a nearly 500 m/sec elec-
tron velocity drift, which is strong enough to trigger plasma
instability (Whitehead 1970). Importantly, this effect is spe-
cific to the magnetic dip equator. When the vertical electric
field reaches a certain strength (as shown in Figure 10b),
ions move at a sufficient speed to keep up with the elec-
tron drift, thereby preventing further charge accumulation.
The presence of this electric field amplifies the magnitude
of the horizontal electron drift, leading to the initiation of
instability (Whitehead 1997a). In essence, the relative drift
between ions and electrons serves as a trigger for instabil-
ity. The high-velocity electron drift generates plasma insta-
bility, causing electrons and ions to cluster into elongated,
needle-shaped irregularities oriented in the north-south di-
rection (Whitehead 1997b). These irregularities serve as the
origin of the Es formation.

According to Seif et al. (2015) and Tsunoda (2008), an-
other important aspect to consider is the influence of tidal
winds on the equatorward transport of the Es layer. These
winds have a downward-directed phase velocity, which
means that in the absence of an electric field, the wind-
shear node, where the Es layer resides, will move down-
wards. Consequently, if the downward transport persists, the
Es layer will eventually reach an altitude where ion motion
is predominantly affected by collisions with neutrals at that
level. This leads to the ions becoming unmagnetized, mak-
ing the U × B (cross product of ion velocity and magnetic
field) irrelevant.

When the wind-shear node reaches this altitude, the Es
layer ceases to follow it and gets released at that specific
altitude. This phenomenon, known as the corkscrew effect
(Chimonas and Axford 1968), typically occurs at approxi-
mately 90-95 km altitude. However, it’s worth noting that
electrons remain magnetized during this process. The rel-
ative movement of electrons in comparison to ions gener-
ates the current responsible for driving the Gravity-Driven
Instability (GDI). Once the Es layer is released at lower alti-
tudes, it is no longer pushed out of the Equatorial Electrojet
(EEJ) region by the ExB drift (Ep). Therefore, despite be-
ing dumped at low altitudes, the Es layer can still maintain
the necessary gradient to trigger the GDI phenomenon. This
is consistent with the earlier reports by different research
groups (e.g., (Dhanya et al. 2008; Forbes 1981; Resende
et al. 2016; Whitehead 1963)).
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Fig. 10 (a) Neutral wind perpendicular to the magnetic field causes a
slight skew in ion drift (as shown in dashed arrow head). Addition-
ally, vertical electron drift occurs, leading to the accumulation of a
strong charge both above and below the ionosphere. (b) This strong
electric field induces horizontal electron drift at a speed approximately

10 times faster than the original ion drift, reaching about 500 m/s. Such
rapid electron drift induces plasma instability (Whitehead 1989). Con-
sequently, high-speed electron drift leads to the formation of long, hor-
izontal, needle-shaped irregularities as electrons and ions are bunched
together

5 Conclusion

This paper provides a detailed analysis of Es recorded by
the COSMIC satellites through the use of radio occultation
(RO) over a period of seven years. The study identifies the
dependence of Es occurrence rate on longitude, latitude, and
season. It presents detailed characteristics of the spatial and
temporal distribution of Es occurrence rate, particularly in
regions that are not easily monitored by ground-based in-
struments, such as the peak occurrence during summer at
middle latitudes, lower Es occurrence rate in America and
the South Atlantic Anomaly region, low Es layer occur-
rences near the geomagnetic equator, and minimum Es oc-
currence rate in polar regions. Additionally, it provides ob-
servations at altitudes that cannot be continuously monitored
through in situ observations from space-based platforms.
The occurrence statistics of E-region irregularities (i.e., Es)
in the COSMIC dataset align well with previous studies on
Es found in the literature. The results indicate that factors
like the horizontal intensity and inclination of the magnetic
field contribute to the global distribution of Es layers. Impor-
tantly, solar maximum has a negative effect on the genera-
tion of Es and requires longer-term datasets for future inves-
tigations. We observe the occurrence of Es near the equato-
rial region where the magnetic field inclination approaches
zero, the compression of electrons or ions is limited, result-
ing in a decreased Es occurrence rate in that area. Gradient
Drift instability is proposed as a source mechanism of the
appearance of Es at the magnetic dip equator, which is con-
sistent with the previous studies that have been conducted by
ground-based stations as mentioned in the discussion sec-
tion. The study also examines the relationship between the
Es occurrence rate and Earth’s magnetic field, the effect of
Earth’s magnetic field has been discussed in previous stud-
ies (e.g. Luo et al. (2021)). Moreover, the huge number of

daily RO datasets over the low latitudes provided by the op-
erating COSMIC-2 constellation of satellites opens further
scopes for improving the understanding on global equato-
rial Sporadic-E occurrence characteristics.
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