Xu et al. Earth, Planets and Space (2022) 74:55 h
https://doi.org/10.1186/540623-022-01617-2 O Ea rth' Pla nets an d S pace

FULL PAPER Open Access

Morphology of sporadic E layers derived S

from Fengyun-3C GPS radio occultation
measurements

Xiaohua Xu'?, Jia Luo'*"®, Han Wang', Haifeng Liu' and Tianyang Hu'

Abstract

The Global Positioning System (GPS) radio occultation (RO) data provided by the Fengyun-3C (FY-3C) mission during
January 2015 to December 2019 are used to detect the existence of sporadic E (Es) layers over the globe, based on
which the spatial and temporal distributions of the Es occurrence rates (ORs) are presented and analyzed. The results
are compared with the Es morphology obtained using the RO data from the Constellation Observing System for the
Meteorology, lonosphere, and Climate (COSMIC) mission. It is found that the seasonal variation patterns of the spatial
distributions of Es ORs derived from the FY-3C RO data, which show clearly the effects of wind shear mechanism and
the Earth’s magnetic field on the formation of Es layers, are basically consistent with those derived from the COSMIC
RO data. While the limited local time distribution of the FY-3C RO-detected Es occurrences makes it impossible to
resolve the complete diurnal variations of Es layers. Detailed comparisons of the Es morphologies derived from the
two different RO missions reveal that the magnitudes of the Es ORs derived by FY-3C data are slightly smaller than
those derived by COSMIC data in the middle and low latitudes, which is due to that the top heights of the 50 Hz RO
data of FY-3C mission are generally lower than those of the COSMIC mission. In the polar regions, the distinctly low
ratio of the FY-3C RO 50 Hz measurements which reach the height of 90 km reduces the capability of these observa-
tions for Es-layer detections.
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Introduction
Sporadic E (Es) layers, which are also called Es clouds,
refer to the irregular-scattered patches of enhanced
electron density occurring mainly at the altitude range
between 90 and 120 km within the normal E region of
the Earth’s ionosphere (Arras et al. 2008). Large num-
ber of long-lived metallic ions exist in the Es layers, and
the mechanism most often employed for the explaining
the generation of Es layers is the ion convergence caused
by neutral wind shears, which is affected by wind and
geomagnetic field (Whitehead 1961; Haldoupis 2012),
and other factors such as meteor ionization and thun-
derstorms also contribute to the formation of Es layers
(Whitehead 1970; Mathews 1998). The existence of Es
plasma irregularities can cause significant degradation or
disturbance of electromagnetic wave propagation, which
will cause damage to satellite radio communication and
navigation system links (Ogawa et al. 1989).
Measurements from ground-based ionosondes and
incoherent scatter radars have been the essential data
sources for studying Es plasma irregularities in the past
five decades (e.g., Whitehead 1989; Mathews 1998; Hal-
doupis et al. 2004). With the development of the global
navigation satellite system (GNSS) radio occultation
(RO) technology, which can provide observations of the
atmosphere and ionosphere with global distribution and
high vertical resolution, the value of GNSS RO data for
the studies of Es layers has been explored and has drawn
much attention in recent two decades. During a RO
event, the scintillations of the amplitudes and phases of
the GNSS signals caused by the Es layers are recorded by
the receiver aboard the low earth orbit (LEO) satellite,
and can be detected accordingly in different types of RO
data products. Since the successful launch of GPS/MET
Microlab-1, the first proof-of-concept mission for the
GNSS RO technology, data from a series of RO missions,

including Microlab-1, the Challenging Minisatellite Pay-
load (CHAMP), the Gravity Recovery and Climate Exper-
iment (GRACE), the Constellation Observing System for
the Meteorology, Ionosphere, Climate (COSMIC), etc.,
have been used to study the irregularities in the lower
ionospheric E region (Hocke et al. 2001; Wu et al. 2005;
Arras et al. 2008; Zeng and Sokolovskiy 2010; Yeh et al.
2012; Chu et al. 2014; Yue et al. 2015; Arras and Wickert
2018; Xue et al. 2018; Tsai et al. 2018; Chang et al. 2018;
Niu et al. 2019; Yu et al. 2019; Qiu et al. 2021). The dis-
tributions and variations of RO-observed Es layers have
been compared with model simulations or ionosonde/
radar measurements, which testified the feasibility and
efficiency of using the RO data for Es-related studies. The
RO-based Es studies have provided a global overview on
Es occurrence and have validated that the mechanisms
which modulate the distributions of the Es occurrences
and strengths include wind shears, the geomagnetic field,
the meteor ionization, and other factors.

The Fengyun-3C (FY-3C) satellite, the first LEO satel-
lite of China which provides GNSS RO observations, was
launched in September of 2013 and finally operates in
the orbit of 836 km altitude and 98.75° inclination. The
National Satellite Meteorological Centre (NSMC) of
China is responsible for the data processing of the FY-3C
RO data and the publishing of the retrieved atmospheric
and ionospheric products. Although the global naviga-
tion satellite occultation sounder (GNOS) aboard the
FY-3C satellite is able to track the occultation signals
of both GPS and BDS simultaneously (Mao et al. 2016),
only the GPS RO data and products are provided by the
NSMC so far.

The quality of the FY-3C RO ionospheric products
have been validated in previous studies. Wang et al.
(2019) found that good agreements exist among the
ionospheric peak parameters derived by FY-3C RO and
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those provided by COSMIC RO and ionosondes over
the globe during 2014 to 2017, which supports that
the ionospheric products provided by FY-3C RO are
reliable enough for further ionospheric and geophysi-
cal applications. Bai et al. (2019) verified that the iono-
spheric F-layer maximum scintillation indexes probed
by FY-3C and COSMIC are of high consistency, while
till now, work about the application of FY-3C RO data
in Es layers-related studies is very seldom. Yang et al.
(2016) for the first time attempted to derive the infor-
mation of Es perturbation from the 50 Hz L1 SNR data
of FY-3C GPS RO observations. In their work, the RO
data of 4 months, including June, August, December,
and January during 2014/2015, were used for study-
ing the variations of the distributions of Es intensity.
Diurnal variations of the Es scintillations in different
months were concerned about the most by them and
the Es-layer scintillations over the middle latitudes of
the north hemisphere (NH) during all local time peri-
ods are derived, while the GPS RO observations pro-
vided by FY-3C mission should not be able to fully
resolve the diurnal cycle of Es layers at low- and mid-
latitudes due to the near-polar sun-synchronous orbit
of the satellite (Pirscher et al. 2007). Although they also
presented the latitude—month distribution of Es-layer
occurrence rates (ORs) during June 2014 to May 2015,
the largest Es ORs in the 10° latitude x 1-month grids
are only about 0.06%, which needs further validation.
On the other hand, typical features such as the decrease
of Es occurrence and intensities in the South Atlantic
Anomaly (SAA) zone and the Northern America were
not mentioned in their work. In the present study, the
long-term global Es morphology is derived based on
FY-3C RO observations. The RO data during the time
period from January 2015 to December 2019 are used
here, which is much longer than that concerned about
by Yang et al. (2016). Detailed information about the
spatial and temporal distributions of the FY-3C RO-
derived Es ORs is presented and analyzed. To validate
the FY-3C RO-derived Es morphology, the seasonal
variations of the distributions of the FY-3C RO-derived
Es-layer ORs are further compared with those derived
from the COSMIC RO data during the same time
period. Section “Data and methods” describes the orig-
inal data set from the FY-3C RO mission used in the
present study, the method for detecting Es layers, and
the general distribution of the FY-3C RO-derived Es
layers. Seasonal variations in the spatial and temporal
distributions of the FY-3C RO-derived Es ORs are pre-
sented in the succeeding section. In Sect. “Discussion’,
the morphology of Es derived from the FY-3C RO data
is further compared with that derived from the COS-
MIC RO data of the same time period, and the reasons
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for the inconsistence are analyzed. Conclusions are
drawn in the last section.

Data and methods

The “AE” data files of FY-3C RO mission during Janu-
ary 2015 to December 2019, which are provided by the
NSMC of China, are used in the present study. Similar
to the “atmPhs” file of COSMIC mission provided by the
COSMIC Data Analysis and Archive Center (CDAAC)
(Yue et al. 2015; Tsai et al. 2018), for each FY-3C RO
event, the “AE” file provided by NSMC includes the
coordinates of the GPS and LEO satellites in the Earth
Center Inertial (ECI) system, phases and SNRs at both
L1 and L2 bands, which are all with the sampling rate of
50 Hz. The upper limit of the high-rate occultation data
can reach the altitudes between 120 and 125 km, and
small-scale fluctuations in the amplitudes of GPS signals
caused by the Es layers are detectable in the SNR profiles,
which are of high vertical resolution. The SNR profiles
at L1 band are used here for the detection of Es layers.
For the validation of the Es-layer distributions retrieved
from FY-3C RO data, the 50-Hz SNR profiles at L1 band
obtained from the COSMIC RO mission during the same
time period, which are provided in the “atmPhs” files
published by the CDAAC, are also used for detecting Es
layers.

The bottom heights of the original 50-Hz SNR profiles
of FY-3C RO mission are generally lower than 60 km. For
each SNR profile with a top height higher than 80 km,
the corresponding truncated profile from around 60 km
to the RO observation top is processed. For different RO
events, the ranges of the magnitudes of the original GPS
L1 SNR sequences vary greatly. So the truncated SNR
profiles are at first normalized to get profiles with differ-
ent background SNR values to the same level. For each
truncated SNR profile, the corresponding background
SNR profile, SNR,, is obtained based on the original SNR
data as the moving average sequence over a 101-point
running window (Liao et al. 2016), which corresponds
to the time window of about 2 s and the vertical scale of
about 6.0 km, and the normalized SNR profile, SNR,,,.
is derived as SNR/SNR, (Xue et al. 2018). The standard
deviations (STDs) of the SNR,,,, sequence are further
calculated over a 51-point running window, which cor-
responds to the vertical scale of about 3.0 km. In the alti-
tude range of 80 km to 125 km, if the STD value exceeds
an empirically threshold of 0.2 and large STD values are
concentrated within an altitude range of less than 10 km,
then it is considered that the original SNR profile is
detected with the signature of sporadic E layer, and the
height of the Es layer is determined as the height with the
largest STD value (Arras and Wickert 2018). In the sub-
sequent analyses, an Es OR value is calculated as the ratio
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of the number of the profiles detected with Es layers to
the corresponding total number of truncated SNR pro-
files processed.

The two subfigures of Fig. 1 present two typical L1 SNR
profiles of FY-3C RO events and the corresponding Es-
layer detection process. In each of the two subfigures, the
identifier of each RO event is shown in the upper right
corner of the subfigure, and the original SNR profile, the
normalized SNR profile, and the STD profile of the cor-
responding FY-3C RO event are presented. Following the
above procedure, as shown in Fig. 1a and b, the RO event
“FY3C_20160101_0516_G18” is detected with no Es
layer, while the RO event “FY3C_20160101_0819_G17”
is detected with the Es layer at the altitude of around
95.8 km.

For a specific SNR profile, the horizontal position
and the height of each SNR data sample are determined
using the coordinates of GPS and LEO satellites at the
same sampling time, which are also available in the same
“AE” data file (FY-3C). And for each sampling, the three-
dimensional position of the RO tangent point, which is
regarded as the position corresponding to the sampling,
is determined from the ECI coordinates of the satellites
and is further transferred to the Earth-center, Earth-fixed
(ECEF) coordinates, from which the latitude, longitude
and the height of the sampling are obtained.

The above Es-layer detection process is carried out on
all the L1 SNR profiles extracted from the “AE” files of
the FY-3C RO dataset during January 2015 to December
2019. What needs to be mentioned is that some “AE” data
files are excluded from the Es detection process due to
that the SNR data in these files are invalid values or the
top heights of the data sequences are lower than 80 km.
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We analyzed 822,320 FY-3C RO measurements in total
and among them 142,078 measurements include Es sig-
natures. Figure 2a and b presents the spatial distribution
of the number of all available FY-3C RO observations
stored in the “AE” files and those observations detected
with Es layers, respectively. It can be seen from Fig. 2a
that, similar to the spatial distribution of the COSMIC
RO observations shown by Chu et al. (2014), there is a
significant latitudinal dependence of the number of the
original FY-3C RO measurements. Specifically, over the
whole globe, the number of the FY-3C RO measurements
in a 5° x 5° grid varies from around 0 to around 600, and
the largest gridded values of the RO observation num-
bers are obtained at the middle latitude regions of the
two hemispheres. Over each of the two hemispheres, the
numbers of the RO measurements in the latitude zones of
around 20° and 50° are distinctively larger than those over
the tropics and polar regions. Figure 2b presents that Es
layers mainly occur in the middle latitudes of the two
hemispheres, and more RO observations in the NH are
detected with Es layers compared with the SH. During
2015 to 2019, the highest number of the RO observations
detected with Es layers in a 5° x 5° grid reaches around
200. Figure 2b also demonstrates distinctly the impact of
the geomagnetic field on the distribution of the detected
Es layers, which will be depicted in detail in the following
analysis about the seasonal variations of Es ORs.

Figure 3 presents the monthly variations of the total
number of the FY-3C RO observations, the number of
the observations which are valid for Es detections, i.e.,
the observations with top heights higher than 80 km, the
number of the profiles detected with Es layers, and the
Es ORs. For each month, the Es OR value is calculated as
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Figure 4 demonstrates the time series of the Es ORs, rates during Jan. 2015 to Dec. 2019, with a resolution of a 5°
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Jan. 2015 to Dec. 2019 are presented. It can be seen that
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the pattern of the latitude—month variation of Es-layer
ORs derived using FY-3C RO observations is similar
to those derived using CHAMP (Arras et al. 2008) and
COSMIC RO observations (Chu et al. 2014), although
different time periods are concerned about in these pre-
vious studies. Specifically, in each year, Es layers mainly
occur during May to September over the latitude band
of 20°N-50°N and during November to March over
20°S-50°S. The actual summer maximum (winter mini-
mum) of Es OR can be explained by neutral wind shear
effect (Arras et al. 2008; Chu et al. 2014). Moreover, Fig. 4
presents that the Es OR is generally higher in the NH
summer than in the SH summer, which is also consistent
with Arras et al. (2008) and Qiu et al. (2019).

Figure 5 presents the global distributions of the FY-3C
RO-derived Es-layer ORs during four different seasons
with the resolution of a 5°x5° grid. The white grids,
each of which is of less than 3 Es events, are not consid-
ered. The seasons are categorized here as MAM (March,
April, and May), JJA (June, July, and August), SON (Sep-
tember, October, and November) and DJF (December,
January, and February). It can be seen from Fig. 5 that
in general, the seasonal variation pattern of the hori-
zontal distribution of the FY-3C RO-derived Es ORs is
consistent with that obtained by previous studies using
the COSMIC RO measurements (Arras et al. 2008; Chu
et al. 2014). Specifically, during each season, the Es OR
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derived from the FY-3C RO observations generally fol-
lows the geomagnetic inclination isolines. The peaks of
Es-layer ORs occur over the middle latitudes of the sum-
mer hemisphere, which are around 60%, while over the
winter hemisphere, Es activity is significantly less active.
Moderate Es ORs are obtained in the lower latitudes of
both hemispheres, which are less than 30%. The Es-layer
ORs are larger over the NH than over the SH in general.
Besides, the Es-layer ORs decrease over two regions,
the South Atlantic Anomaly (SAA) zone and Northern
America, which can be figured out in all the four sea-
sons and is shown distinctly in JJA and SON, when the Es
occurrence over these two regions are much weaker than
anywhere else along the same magnetic latitude bands.
This is due to the significant depressions of the horizon-
tal component of Earth’s magnetic field in these two areas
(Arras et al. 2008; Chu et al. 2014). Another feature which
can be figured out from Fig. 5 is that during all the four
seasons, the Es activities are extremely low near the mag-
netic equator, which is due to that the nearly horizontal
magnetic field lines over this region prohibit the vertical
movement and layered deposition of ionized particles
(Arras et al. 2008; Niu et al. 2019). Moreover, the Es ORs
are generally lower than 15% in the regions with latitudes
higher than 70° over the two hemispheres, which is due
to that wind shear mechanism does not work efficiently
at polar regions (Haldoupis 2012).

I I Es occurrence rate /%

Fig. 5 Seasonal variation in the horizontal distributions of the FY-3C RO-derived Es occurrence rates during Jan. 2015 to Dec. 2019, with the

resolution of a 5° x 5° grid. Plots for a March, April and May (MAM); b Jun, July, and August (JJA); ¢ September, October, and November (SON), and
d December, January, and February (DJF). In each subfigure, the pink curve represents the geomagnetic equator and the red curves represent the
geomagnetic inclination isolines
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Figure 6 presents the seasonal variations of the alti-
tude—latitude distributions of Es occurrence numbers
and ORs, with a resolution of 1 km x 5° latitude. For each
1 km x 5° latitude grid, the OR is calculated as the ratio of
the Es occurrence number in this grid to the valid FY-3C
RO observation number of the corresponding latitude
band. It can be seen that the altitude—latitude distribu-
tion patterns of both the Es occurrence numbers and Es
ORs shown in Fig. 6 are basically consistent with those
of the Es ORs shown in Arras et al. (2008) and Chu et al.
(2014). Specifically, during all the four seasons, Es layers
mainly occur at the altitude range of 90-110 km over the
middle latitudes of the two hemispheres, and the heights
corresponding to the largest Es occurrences are slightly
higher during summer and winter seasons over the sum-
mer hemispheres than during equinoxes. The peaks of
the ORs are obtained at around 105 km over 25° N to 50°
N during the NH summer.

Figure 7 presents the local time (LT) distribution of
the original FY-3C GPS RO observations during 2015 to
2019. It can be seen that FY-3C GPS RO events mainly
occur during two local time periods, 8:00-12:00 LT
and 20:00-24:00 LT. Figure 8 further shows the spatial
distributions of the FY-3C GPS RO events in each 1-h
local time intervals during these two local time periods.
From Fig. 8, it can be seen that due to the near-polar
sun-synchronous orbit characteristic of the FY-3C sat-
ellite, for a certain 1-h local time interval, the distribu-
tions of the RO events over the western hemisphere
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Fig. 7 The local time distribution of FY-3C GPS RO events number
during Jan. 2015 to Dec 2019

(WH) and the eastern hemisphere (EH) are not sym-
metric. Specifically, in the time intervals of 8:00-9:00
LT and 20:00-21:00 LT, most RO observations occur
over the EH. While in the time intervals of 11:00—-12:00
LT and 23:00-24:00 LT, most FY-3C RO observations
occur over the WH. Only in the four 1-h local time
intervals of 9:00-10:00 LT, 10:00-11:00 LT, 21:00-22:00
LT, and 22:00-23:00 LT, at all the latitude bands, con-
siderable numbers of RO observations are obtained
over both the WH and the EH. So when presenting the
latitude—local time distributions of the Es ORs over the
globe, only the local time intervals of 9:00-11:00 LT
and 21:00-23:00 LT are considered, which is aimed to
ensure that the Es ORs for a certain latitude—local time
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grid can to a large extent represent the average ORs
over the whole latitude band during the corresponding
gridded local time interval.

Figure 9 presents the seasonal variation in the lati-
tude—local time distributions of the Es ORs derived
from FY-3C RO observations during the two selected
local time periods, 9:00-11:00 LT and 21:00-23:00
LT. It is shown that in the seasons of JJA and DJF, Es
layers mainly occur at the middle latitude bands of
the summer hemisphere. In the seasons of MAM and
SON, during 9:00-11:00 LT, the Es ORs at middle lati-
tudes of the NH are higher than other regions, while
the differences between the NH and the SH are not so
distinct as the same local time period of JJA and DJF.
During 21:00-23:00 LT, the distributions of the Es
occurrences are basically symmetric with respect to
the equator. Moreover, in all the four seasons, the Es
ORs are generally higher during 9:00-11:00 LT than
during 21:00-23:00 LT.

It should be noted that when interpreting the day-
night differences of the Es ORs shown in Fig. 9 by
comparing it with those derived by ionosonde observa-
tions, two issues need to be taken into consideration
besides that the methods for identifying Es layers from
the two types of observations are different. One issue
is that day—night difference exists in the spatial distri-
bution of the FY-3C GPS RO events. Although in the
local time intervals selected by us, the RO observations
cover both the WH and the EH at all the latitudes, the
variation of the spatial distribution pattern of FY-3C
GPS RO observations during the four different 1-h
local time intervals is still distinct. Taking the com-
parison between 9:00-10:00 LT and 22:00-23:00 LT
as an example, the RO events are significantly denser
over the Northeast hemisphere (NEH) than over the
Northwest hemisphere (NWH) during 9:00-10:00 LT,
while during 22:00-23:00 LT, the contrary is the case.
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Fig. 9 Seasonal variation in the latitude—local time distributions of
FY-3C RO-derived Es occurrence rates for the two local time periods,
9:00-11:00 LT and 21:00-23:00 LT, during Jan. 2015 to Dec. 2019,
with a resolution of 5° latitude x 1 h. Plots for four different seasons a
MAM, b JJA, ¢ SON, and d DJF

Accordingly, the Es ORs of the NH mid-latitudes pre-
sented in Fig. 9 should be more affected by the iono-
sphere condition of the NEH than that of the NWH
during 9:00-10:00 LT, while during 22:00-23:00 LT,
the contrary is the case. In comparison, the meaning of
the local time variation of the Es ORs obtained by ion-
osonde observations is more explicit, which is derived
over the specific location of an ionosonde station. The
other issue which needs to be noted is that only the Es
layers below the top heights of the 50 Hz FY-3C RO
data, which are mostly lower than 120 km, are taken
into account in Fig. 9. In comparison, ionosondes can
detect the Es layers which occur at altitudes higher
than 130 km (Zhou et al. 2017).
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Es occurrence rate /%

Fig. 10 Seasonal variation in the horizontal distributions of COSMIC RO-derived Es occurrence rates during Jan 2015 to Dec 2019

Discussion

The Es-layer detection algorithm introduced in Sect. 2 is
also applied on the 50 Hz L1 SNR data from the COSMIC
RO mission during 2015 to 2019. Among all the 1,201,806
COSMIC RO observations, 256,867 measurements are

detected with Es signatures. Figure 10 and Fig. 11 pre-
sent the seasonal variations of the latitude—longitude
and the altitude-latitude distributions of the COSMIC
RO-derived Es ORs. The comparison between Fig. 10 and
Fig. 5 and that between Fig. 11 and Fig. 6 shows that the
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variation range and the seasonal distribution patterns
of the Es ORs derived based on the data from the two
different RO missions independently are basically con-
sistent, while detailed inspections reveal that some differ-
ences exist. Firstly, the Es occurrence numbers detected
by COSMIC are generally higher than those detected by
FY-3C at different altitudes, which is mainly attributed to
that the number of the COSMIC RO observations during
the studied time period is higher than that of the FY-3C
RO ones. Secondly, at the altitudes higher than 105 km,
the Es ORs derived by FY-3C data are slightly smaller
than those derived by COSMIC data, which is due to
that the top heights of the 50-Hz SNR profiles provided
by FY-3C are generally lower than those provided by
COSMIC. The percentage of the FY-3C profiles reach-
ing 105 km is 77.9%, while for COSMIC, this value is
97.5%. In the present work, to improve the data utiliza-
tion ratio of FY-3C RO data, all the SNR profiles reaching
the height of 80 km are processed for the detection of Es
layer, and the Es layers occurring above the top heights
of some profiles will not be detected. Thirdly, in the lati-
tude—longitude distributions of the Es ORs, the magni-
tudes of the FY-3C RO-derived Es occurrences are also
generally a little lower than the COSMIC RO-derived
ones, which is due to that the Es OR in each 5° x 5° grid is
obtained by adding up the numbers of each altitude level,
and the deficiency of the Es detections above 105 km
leads to the smaller values of the total Es ORs derived by
FY-3C RO data.

Figure 12a and b presents the zonal distributions of the
Es ORs in the four different seasons during 2015 to 2019
derived from the FY-3C RO data and from the COS-
MIC RO data, respectively. Here the magnetic latitudes
(MLats) are transferred from the geographic latitudes
using the International Geomagnetic Reference Field
(IGRF)-13 model. Both of the two subfigures show that
the seasonal dependency of the zonal distributions of the
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Es ORs is more distinct in the middle MLat regions than
in the low MLat regions. For each season, although the
patterns of the variations of the Es ORs with the MLat
derived from the two different RO missions are basically
consistent with each other, the slightly higher Es ORs
derived by COSMIC over different MLat regions can
be figured out, and the difference in the magnitudes of
the Es ORs derived from the two RO missions becomes
apparent in the polar regions. For all the four seasons,
at magnetic latitudes higher than 75°N/S, the FY-3C
RO-derived Es ORs are close to 0%, while COSMIC RO-
derived Es ORs are generally higher than the FY-3C RO-
derived ones, reaching around 5 to 10%. Theoretically,
the near-polar sun-synchronous orbit of the FY-3C satel-
lite should make it beneficial for probing the ionosphere
of the polar regions. In practice, Fig. 2 presents that the
volume of the original FY-3C RO observations in the
polar regions is non-neglectable, and inspections of the
two datasets reveal that at latitudes higher than 75°N/S,
the total number of the original RO observations from
the FY-3C mission, 64,601, is even higher than that from
the COSMIC mission, 62,633. So the distinctly lower
FY-3C RO-derived Es ORs should not be attributed to
the limited size of the original RO observations. Further
inspections of the datasets reveal that during 2015 and
2019, at latitudes higher than 75°N/S, although 96.3%
of the original FY-3C RO observations reach the height
of 80 km, the ratio of the FY-3C RO observations which
reach the height of 90 km is only 25.6%. In compari-
son, 72% of the original COSMIC RO observations in
the polar regions reach the height of 90 km. Due to that
most Es layers occur at the altitude higher than 90 km,
as shown in Fig. 6 and Fig. 11, the extremely low Es ORs
derived from the FY-3C RO mission in polar regions
are mainly attributed to the low ratio of the FY-3C RO
observations reaching the height of 90 km.
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It should be pointed out that the maximum Es OR
derived in the present study using the L1 SNR data from
FY-3C RO observations, being around 60%, is basically in
accordance with that derived by Arras and Wickert (2018)
using the L1 SNR data of COSMIC mission, while is sig-
nificantly different from some other previous studies. The
maximum Es OR during JJA presented by Chu et al. (2014)
is only around 10%, which is calculated using the 1-Hz
SNR and phase data of the COSMIC RO mission. In Liu
et al. (2018), the distributions of Es occurrences are derived
using the 50-Hz L1 SNR data of combined RO observations
from COSMIC, GRACE and CHAMP, and the maximum
value of the occurrence rate during JJA is around 30%. Even
with the same type of COSMIC RO data, different schemes
applied in data processing will have impacts on the maxi-
mum value of the Es OR derived. Qiu et al. (2019) and Luo
et al. (2021) both derived the Es ORs using the S4max data
from COSMIC mission, while using different data process-
ing strategies, and the maximum Es OR values during sum-
mer months obtained by them are around 60% and around
100%, respectively. Like Arras and Wickert (2018), Tsai
et al. (2018) derived the Es occurrence using the 50-Hz SNR
data of COSMIC RO data, while the maximum Es OR dur-
ing summer months obtained by them reach around 80%.
The comparison between Arras and Wickert (2018) and
Tsai et al. (2018) demonstrates that although the threshold
for the normalized SNR standard deviation in the Es-layer
detection algorithm is set as 0.2 in both of these studies,
the width of the sliding window for calculating the stand-
ard deviations is different. Moreover, in Arras and Wickert
(2018), it is required that large STD values are concentrated
within an altitude range of less than 10 km, which means
that the irregular amplitude structures with thickness larger
than 10 km will not be regarded as Es layers, while in Tsai
et al. (2018), about 7% events detected having an Es-layer
thickness larger than 10 km.

Due to the different sampling rates of the RO data
and the different schemes applied in the data process-
ing, the height range and the thickness ranges of the
Es layers detected in different studies are not the same,
which leads to that the magnitudes of the Es occurrences
derived in these previous studies vary greatly, while the
spatial and temporal distribution patterns of the Es-layer
occurrences are generally in accordance with each other.
The NSMC does not provide S4 index data of FY-3C
RO mission, and compared with the 1-Hz RO data, the
higher vertical resolution of the 50-Hz RO data is benefi-
cial for observing the Es layers with the thickness of less
than 3 km (Tsai et al. 2018). Moreover, considering that
the quality of L2 signals degrades much compared with
L1 signals, the SNR profiles at L1 band are used here for
the detection of Es layers. The Es detection algorithm
adopted in the present study is basically consistent with

Page 11 of 13

that used by Arras and Wickert (2018), which is the rea-
son why the maximum Es OR derived is also basically in
accordance with this reference.

Conclusions

In the present study, the Es layers are detected using
the 50-Hz GPS L1 SNR data from the FY-3C RO mis-
sion during 2015 to 2019, and the Es-layer morphology
derived accordingly is presented. The seasonal variation
pattern in the distributions of the FY-3C RO-derived Es
ORs is for the first time analyzed and compared with
those derived from the COSMIC RO mission. It is found
that the seasonal distribution patterns of the FY-3C RO-
derived Es ORs, which clearly show the effects of wind
shear mechanism and the Earth’s magnetic field on the
formation of Es layers, are basically consistent with the
COSMIC RO-derived ones obtained in other previous
studies and in the present work. While further detailed
comparison between the Es morphologies obtained by
the two RO missions reveals that at the altitudes higher
than 105 km, the Es ORs derived by FY-3C data are
slightly smaller than those derived by COSMIC data,
which is mainly due to that the top heights of the 50-Hz
SNR profiles provided by FY-3C are generally lower than
those provided by COSMIC. The deficiency of the Es
detections above 105 km also leads to the slightly smaller
values of the total Es ORs derived by FY-3C RO data in
the 5° x 5° grids over the middle and low latitudes. In the
polar regions with magnetic latitudes higher than 75°N/S,
the COSMIC RO-derived Es ORs are significantly higher
than the FY-3C RO-derived ones, which is attributed to
the distinctly lower ratio of the FY-3C RO observations
reaching the height of 90 km compared with the COS-
MIC RO ones in these regions. Moreover, due to the
near-polar sun-synchronous orbit of the satellite, the
spatial coverage of the FY-3C GPS RO data variates in
different 1-h local time intervals. During the two local
time periods with considerable RO observations over the
whole globe, the FY-3C RO-derived Es ORs are generally
higher in 9:00-11:00 LT than in 21:00-23:00 LT. The pre-
sent work reveals that the 50-Hz GPS RO data provided
by the GNOS payload aboard the FY-3C satellite can con-
tribute to the study of Es layers, while techniques which
help increasing the heights of the upper bounds of these
observations are needed for the detections of the com-
plete and detailed structures of Es layers, which is most
important for the polar regions. It can be expected that
the launch of the following FY-3 series satellites, includ-
ing FY-E, F, G and R, which will be equipped with the
enhanced GNOS payloads, will make more substantial
contribution to the ionosphere studies and space weather
forecasting.
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