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Abstract—The FY3C/GNOS launched in 2013 can only detect
the scintillation of GPS navigation signals, while the FY3D satellite
launched in 2017 supports the scintillation observation of BeiDou
navigation satellite system (BDS) signals, thus enabling simulta-
neous detection of GPS and BDS ionospheric scintillation. This
work presents a preliminary accuracy evaluation of BDS iono-
spheric scintillation observed by the global navigation satellite
system (GNSS) occultation sounder (GNOS) onboard the FY3D
satellite, to support long-term ionospheric scientific applications
based on the BDS system. First, the F-layer worst-case (maxi-
mum) amplitude scintillation index (S4F

max) of FY3D-BDS, FY3D-
GPS, and COSMIC-GPS are, respectively, quality-controlled, and
the spatial-temporal matching of S4F

max between FY3D-BDS and
FY3D-GPS/COSMIC-GPS is performed. Then, based on the sta-
tistical deviation (std) of the S4F

max data pairs, the data accuracy
of FY3D-BDS S4F

max relative to FY3D-GPS and COSMIC-GPS
is obtained. The results show that the std of the S4F

max differ-
ences in data pairs between FY3D-BDS and FY3D-GPS/COSMIC-
GPS is smaller than 0.1, which proves the high precision of BDS
ionospheric scintillation detection of FY3D/GNOS. Meanwhile,
the std of the S4F

max differences between FY3D-BDS and FY3D-
GPS/COSMIC-GPS at nighttime is higher than that at daytime,
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and the std in the mid-latitude region is lower than that in the
low-latitude and high-latitude regions.

Index Terms—BeiDou navigation satellite system (BDS),
constellation observing system for meteorology ionosphere and
climate (COSMIC), FY3D/GNSS occultation sounder (GNOS),
ionospheric scintillation, S4, validation.

I. INTRODUCTION

THE ionosphere is a part of the upper atmosphere that is
ionized at about 60–1000 km. The ionosphere contains a

large amount of plasma composed of free electrons and ions, and
the instability of the plasma leads to ionospheric irregularities
of various scales. The ionospheric irregularities modulate the
navigation signals traveling through them randomly, causing
rapid fluctuations in the amplitude/phase of the signals, and this
phenomenon is known as ionospheric scintillation [1], [2], [3].
Amplitude scintillation index S4 is an important parameter in
ionospheric scintillation research, it is defined as normalized
root mean square (rms) of signal intensity

S4 =

√
〈I2〉 − 〈I〉2

〈I〉2 (1)

where I represents the signal strength, and the brackets represent
the average value of the signal strength over a certain period of
time. For ionospheric scintillation, this time period is usually
1 s.

Ionospheric scintillation significantly affects global naviga-
tion satellite system (GNSS)-related navigation, positioning,
and satellite communication applications, and in severe cases, it
can lead to the loss of navigation signal lock and communication
interruptions [4], [5].

In view of the importance of ionospheric scintillation, the
methods of ionospheric scintillation detection include beacons,
sounding rockets, incoherent/coherent scattering radars, GNSS
scintillation receivers, radio occultation detection, etc., [6], [7],
[8], [9]. As a relatively novel technique, radio occultation can
work in all weather conditions with the advantages of global
coverage, high precision, high vertical resolution, and low cost.
In the late 1990s, the MicroLab-1 occultation experiment in
GPS/MET program successfully observed ionospheric param-
eters, which promoted a series of occultation projects, such
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as Challenging Minisatellite Payload (CHAMP), Gravity Re-
covery and Climate Experiment (GRACE), etc., [10], [11],
[12]. In 2006, the first international six-satellite occultation
constellation, Constellation Observing System for Meteorology
Ionosphere and Climate (COSMIC), was successfully launched
and put into use, enabling the ionospheric occultation sounding
to enter the stage of operational application [13]. Its scientific
observations are widely used in modeling and forecasting of
ionospheric scintillation, as well as other space weather research
[14], [15], [16], [17]. Fengyun III(FY3) plans to deploy six
satellites (C, D, E, F, G, R) and utilize the GNSS occulta-
tion sounder (GNOS) payloads onboard to conduct occultation
surveys of the Earth’s neutral atmosphere and ionosphere[18].
Specifically, FY3C was launched in September 2013 in a near-
polar sun-synchronous orbit at an inclination of 98.8° and an
altitude of 836 km. The GNOS payload onboard FY3C consists
of three antennas, three RF units, and one occultation data
processing unit, and it has achieved the first international occul-
tation detection of global positioning system (GPS) and BeiDou
navigation satellite system (BDS). The three antennas include a
positioning antenna, a forward occultation antenna for observing
atmospheric/ionospheric rising occultation events, and a back-
ward occultation antenna for observing atmospheric/ionospheric
descending occultation events [19], [20].

As a high standard in the field of ionospheric occultation
sounding, COSMIC has been widely used in ionospheric scien-
tific research for its ionospheric scintillation data. Bai et al. com-
pared and analyzed the accuracy of GPS ionospheric scintillation
of FY3C-GPS with that of COSMIC-GPS [21]. The results show
that the standard deviation (std) of the differences in the F-layer
worst-case (maximum) scintillation index (S4Fmax) between them
is less than 0.1, indicating the high accuracy of FY3C/GNOS
scintillation detection. As an important part of the FY3 con-
stellation program, FY3D was successfully launched in 2017,
three years after the deployment of FY3C-GNOS. FY3C and
FY3D form a double-satellite occultation observation network
that covers the observation periods in the morning and afternoon.
Compared with FY3C/GNOS, the GNOS on FY3D increases the
number of GPS and BDS occultation channels and optimizes the
gain of the antennas to improve the occultation detection quality.
Meanwhile, the number of occultation events increases from
680 (500 GPS+180 BDS) to 800 (580 GPS+220 BDS) per day,
and the support for BDS scintillation observation is added, thus
enabling simultaneous observation of GPS and BDS scintillation
[22]. Fig. 1 shows the global distribution of S4Fmax observed by
FY3D-BDS. This work aims to provide the first preliminary
assessment of the BDS ionospheric scintillation data detected
by FY3D/GNOS with that of FY3D-GPS/COSMIC-GPS, thus
proving support for the subsequent development of long-term
ionospheric scientific applications based on the BDS.

The rest of this article is organized as follows. Section II intro-
duces the ionospheric scintillation observations of FY3D-BDS,
FY3D-GPS, and COSMIC-GPS, gives the selection conditions
and the spatial-temporal matching principles of S4Fmax index
before accuracy evaluation, introduces the accuracy evaluation
methods between S4Fmax indexes, and presents a pair of moder-
ate/strong and weak scintillation data pairs after data screening

Fig. 1. Global distribution of the worst-case (maximum) F-layer ionospheric
scintillation (S4Fmax) observed by FY3D/GNOS-BDS from October 1, 2019, to
October 7, 2019.

Fig. 2. Variations in the Kp index and the number of FY3D-BDS, FY3D-GPS,
and COSMIC-GPS ionospheric occultation events from 2018 to March 23, 2019.

and spatial-temporal matching. In Section III, the comparison re-
sults of S4Fmax between FY3D-BDS and FY3D-GPS/COSMIC-
GPS are presented. Section IV analyzes the statistical deviation
of S4Fmax between FY3D-BDS and FY3D-GPS/COSMIC-GPS,
and discusses the related phenomena. Finally, Section V con-
cludes this article.

II. MATERIALS AND METHODOLOGY

A. Scintillation Index Observed by FY3D-BDS, FY3D-GPS,
and COSMIC-GPS

The planetary Kp index is derived from three-hourly K in-
dices observed by global specific observatories [23], [24]. It has
been extensively used to represent geomagnetic disturbance for
scientific and operational purposes on a global scale. Kp index is
used by NOAA to describe the geomagnetic storm, ranging from
minor (G1) for Kp = 5 to extreme (G5) for Kp = 9. Also, the
index is used to represent scintillations in GNSS signals at high
latitudes [25]. As can be seen from the top panel of Fig. 2, there
is only one minor geomagnetic storm, and the geomagnetic quiet
period dominates in 2018 and 2019. The number of ionospheric
occultation events of FY3D-BDS, FY3D-GPS, and COSMIC-
GPS from 2018 to 2019 is presented in the bottom panel. It
can be seen that the daily occultation events of FY3D-BDS and
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FY3D-GPS are around 260 and 480, respectively. After April
2019, only one satellite of the COSMIC-1 constellation works
normally, so its scintillation observations decrease sharply. To
make the scintillation assessment of FY3D-BDS more statisti-
cally significant, this article compares the scintillation data of
FY3D-GPS and COSMIC-GPS from 2018.01.01 to 2019.03.23
with FY3D-BDS scintillation data.

The scintillation index (S4) of FY3D/GNOS is calculated
from the signal power of GNSS satellites received by GNOS, i.e.,
the product of the signal transmission power of GNSS satellites
and a series of attenuation coefficients. The specific calculation
formula is as follows, more details can be found in Weihua Bai
et al. [21]

S4i =

√
〈P 2

i 〉T − 〈Pi〉2T
〈Pi〉2T

(2)

where i denotes the ith GNSS satellite, P denotes the power
of the GNSS signal received by GNOS, the 〈.〉T represent the
average value of the parameters inside brackets during period
T. The 〈Pi〉T and 〈P 2

1 〉T sampled at 50 Hz in 1 s is downlinked
from the FY3D/GNOS to the ground processing center for S4
calculation.

B. Selection Condition of Ionospheric Scintillation Index

Straus [26] and Dymond [7] approximated the position of
the radio occultation scintillation at the tangent point of the
occultation ray and compared it with other observations. The
results indicate that the scintillation morphology between them
is in good agreement. Thus, the above approximation method
is used in this work. In the ascending/descending ionospheric
occultation events, the scintillation in the E layer may come
from the F layer [21]. To prevent the interference from other
regions, the scintillation in the F-layer (200–450 km) is selected,
and its worst-case (maximum) amplitude scintillation index
(S4Fmax) during the occultation event is used as the evaluation
parameter of the FY3D-BDS scintillation. Meanwhile, to ensure
the integrity and detection quality of the S4Fmax parameter, the
signal-to-noise ratio (SNR) during the occurrence of S4Fmax is
constrained. The specific conditions are as follows:

1) S4Fmax must occur within the F-layer (200–450km) of the
ionosphere.

2) The SNR of the signal 10 s before and afterS4Fmax detection
cannot be 0.

3) In the occultation event where S4Fmax is located, the data
loss cannot occur within 200–450 km.

The statistical distribution of S4Fmax of FY3D-BDS, FY3D-
GPS, and COSMIC-GPS is shown in the Fig. 3. Since the period
from 2018.01.01 to 2019.03.23 is in the quiet period of solar
activity, as can be seen in the upper panel of Fig. 2, more than
96% of the scintillation indices were lower than 0.25, that is, no
scintillation (0∼0.08) or low/weak scintillation (0.09∼0.25), the
moderate (0.26∼0.5) and strong (>0.5) accounts for less than
4% in the whole period [27], [28], as can be seen in the enlarged
part in Fig. 3.

Fig. 3. Statistical distributions of S4Fmax for FY3D-BDS (blue bar), FY3D-
GPS (red bar), and COSMIC-GPS (orange bar). The parts with S4Fmax>0.3 are
enlarged and annotated in the figure.

C. Matching Principles of S4Fmax Between FY3D-BDS and
FY3D-GPS/COSMIC-GPS

Before the S4Fmax of FY3D-BDS is compared with that of
FY3D-GPS and COSMIC-GPS to obtain the S4Fmax error char-
acteristics, the S4Fmax between them needs to be matched into
data pairs in time and space. If the temporal and spatial matching
conditions are too loose, the two S4Fmax parameters are not
meaningful for the comparison; if the conditions are too strict,
there are too few matched pairs, and the comparison results will
lose statistical significance. To address this issue, this article
considers the spatial-temporal matching degree of the S4Fmax
data and the number of valid data matching pairs, and makes full
reference to the spatial-temporal constraints in previous works
on ionospheric product evaluation [21], [29], [30], [31]. In this
article, the two S4Fmax indexes meet the following principles
at the same time, and they can be matched into data pairs for
subsequent accuracy assessment. Some specific examples of
S4Fmax data pairs will be given in Section II-E.

1) The difference in observation time between the two S4Fmax
parameters are within 2.5 h.

2) The difference between latitude/longitude of the two
S4Fmax parameters are within 2°.

3) The difference between azimuth angles of the two S4Fmax
parameters are within 30°.

D. Accuracy Evaluation for FY3D-BDS Scintillation

To evaluate the accuracy of FY3D-BDS amplitude scintil-
lation relative to FY3D-GPS/COSMIC-GPS, the std of S4Fmax
differences in data pairs is calculated according to the following
equation:

Ab_err = S4FBDSmax − S4FTBDmax (3)
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σ(err) =

√√√√√ N∑
i=1

(Ab_erri − E(Ab_err))2

N
. (4)

In (3), S4FBDSmax represents the S4Fmax observed by FY3D-
BDS, S4FTBDmax represents the S4Fmax of FY3D-GPS or
COSMIC-GPS, and Ab_err represents the absolute difference
between two S4Fmax parameters in data pair. The std of the
S4Fmax differences in the data pairs are calculated according
to (4) to obtain the accuracy of FY3D-BDS scintillations, i.e.,
the deviation of FY3D-BDS scintillations relative to FY3D-
GPS/COSMIC-GPS.

E. Examples of S4max Matched Data Pairs

After performing spatial-temporal matching of S4Fmax be-
tween FY3D-BDS and FY3D-GPS, there are 21 moderate
(S4>0.26) and 4 strong (S4>0.5) S4Fmax data pairs. And there is
1 moderate S4Fmax data pair between FY3D-BDS and COSMIC-
GPS. Thus, we present one strong S4Fmax data pair between
FY3D-BDS and FY3D-GPS in Fig. 4, and one moderate S4Fmax
data pair between FY3D-BDS and COSMIC-GPS in Fig. 5.
Then, we present two weak S4Fmax data pairs between FY3D-
BDS and FY3D-GPS/COSMIC-GPS in Figs. 6 and 7.

In Fig. 4, the upper panel [Fig. 4(a)] represents the geometry
of the occultation rays between GNSS satellites and LEO satel-
lites when the spatial-temporally matched S4Fmax is detected;
the bottom panel [Fig. 4(b)] represents the variation of the S4
index, the latitude and longitude of the occultation tangent point,
the azimuth angle of the occultation ray, and the SNR of the
occultation signal with the altitude of the occultation tangent
point, in the ionospheric occultation events to which the above
twoS4Fmax belong. It can be seen from the top panel that theS4Fmax
of FY3D-BDS, FY3D-GPS are, respectively, 0.53 and 0.55, indi-
cating a strong scintillation level; the altitude of the occultation
ray tangent points of S4Fmax detection are, respectively, 257.8
and 247.2 km, which are located in the height range of 200–450
km, i.e., the F layer in the ionosphere. Meanwhile, it can be seen
from the Fig. 4(b) that within 10s before and after the detection of
S4Fmax, the SNR of FY3D-BDS, FY3D-GPS are all higher than
0 and are stable at around 500 and 700, respectively. In addition,
the longitude and latitude of the occultation tangent point, the
azimuth angle of the occultation ray, the amplitude scintillation
index, and the SNR remain continuous in the corresponding
occultation events, thus proving the effectiveness of scintillation
data selection in Section II-B.

The azimuth angles of the occultation rays at S4Fmax observed
by FY3D-BDS, FY3D-GPS are, respectively, 136.7° and 136.8°,
and they are close to each other; the latitudes of the occultation
tangent points at S4Fmax are, respectively, 2.6° and 1.1°, the
deviations of latitudes between FY3D-BDS and FY3D-GPS are
less than 2°. The longitudes of the occultation tangent points
at the time of S4Fmax detection is, respectively, −179.2° and
−177.6o, and the deviations between them are also less than 2°;
the UTC (Universal Time Coordinated) at S4Fmax detection are
almost the same. The presentation of the S4Fmax data matching
pair of FY3D-BDS with FY3D-GPS shows the effectiveness of

Fig. 4. Strong S4Fmax scintillation index for FY3D-BDS vs. FY3D-GPS on
April 17, 2018. Fig. 4(a) shows the occultation ray geometry of FY3D-BDS and
FY3D-GPS when S4Fmax is detected (represented as green and red lines). The
color block represents the detected S4 index, and the intersection of the color
block and the occultation ray is the position of the detected S4Fmax. When S4Fmax
is detected, the latitude, longitude, and height of the occultation ray tangent
point, the azimuth angle of the occultation ray, the value of S4Fmax and the UTC
time are all marked in the figure. Fig. 4(b) shows the changes of the S4 index,
the latitude and longitude of the occultation tangent point, the azimuth angle of
the occultation ray, and the SNR of the signal with the altitude in the F-layer.
The above ionospheric parameters corresponding to the detection of S4Fmax are
marked with squares in the figure.

the spatial-temporal matching principles of the S4Fmax index in
Section II-C.

Fig. 5 presents the moderate S4Fmax data pair between FY3D-
BDS and COSMIC-GPS. Fig. 5(a) shows that the S4Fmax of
FY3D-BDS, COSMIC-GPS are, respectively, 0.27 and 0.27,
indicating a moderate scintillation level; the altitude of the occul-
tation ray tangent points are, respectively, 235.2 and 307.5 km,
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Fig. 5. Moderate S4Fmax scintillation index for FY3D-BDS versus COSMIC-
GPS on September 7, 2018. Fig. 5(a) shows the occultation ray geometry of
FY3D-BDS, COSMIC-GPS when S4Fmax is detected (represented as green, blue
lines). More details can be seen in Fig. 4.

which are located in the F layer in the ionosphere. Meanwhile,
Fig. 5(b) shows that within 10 s before and after the detection
of S4Fmax, the SNR of FY3D-BDS and COSMIC-GPS are all
higher than 0 and are stable at around 600 and 250, respectively.
In addition, the parameters in Fig. 5(b) remain continuous in the
corresponding occultation events, thus proving the effectiveness
of scintillation data selection.

The azimuth angles of the occultation rays at S4Fmax observed
by FY3D-BDS and COSMIC-GPS are, respectively, 49.7° and
35.3°, with a difference within 30o; the latitudes of the S4Fmax
tangent points are, respectively, 12.7° and 11.3°, with a deviation
less than 2°. The longitudes of the tangent points at S4Fmax
detection is, respectively, 7.5° and 6.6°, with a deviation less
than 2°, either; the UTC deviation atS4Fmax detection are less than
2.5 h, either. The S4Fmax data matching pair of FY3D-BDS with

Fig. 6. Weak S4Fmax scintillation index for FY3D-BDS versus FY3D-GPS on
March 7, 2018. Fig. 6(a) shows the occultation ray geometry of FY3D-BDS
and FY3D-GPS when S4Fmax is detected (represented as green, red lines). The
detailed explanations can be found in Fig. 4.

COSMIC-GPS shows the effectiveness of the spatial-temporal
matching principles like the strong scintillation pair above.

In the weak scintillation event shown in Figs. 6 and 7,
it can be seen from the bottom panels that, the S4Fmax data
pairs of FY3D-BDS versus FY3D-GPS and FY3D-BDS versus.
COSMIC-GPS are all within the ionospheric F-layer range, the
SNRs of the occultation rays are valid for 10 s before and after
the S4Fmax detection, and there is no data loss in the ionospheric
occultation event, so the S4Fmax matching pair in occultation
events satisfy the data selection condition in Section II-B. The
top panels show that the latitude and longitude of the occultation
tangent point, the azimuth angle of the occultation ray, and
the observation time of S4Fmax are all within the thresholds set
in Section II.C. Therefore, the current weak S4Fmax data pair



TAN et al.: PRELIMINARY ACCURACY ASSESSMENT OF THE F-LAYER WORST-CASE BDS SCINTILLATION 10011

Fig. 7. Weak S4Fmax scintillation index for FY3D-BDS versus COSMIC-GPS
on March 7, 2018. The top panel shows the occultation ray geometry of FY3D-
BDS, COSMIC-GPS at S4Fmax(represented as green, blue lines). The detailed
explanations can be found in Fig. 4.

between FY3D-BDS and FY3D-GPS/COSMIC-GPS also meet
the spatial-temporal matching principles.

III. RESULTS

A. S4Fmax Validation Between FY3D-BDS and FY3D-GPS

This section presents the global distribution of S4Fmax match-
ing pairs between FY3D-BDS and FY3D-GPS in Fig. 8, the
global differences of S4Fmax pairs in Fig. 9, and S4Fmax statistical
deviations in Fig. 10.

It can be seen from Fig. 8 that the S4Fmax data of FY3D-BDS
and FY3D-GPS can still achieve a global distribution even after
the data matching. Since FY3D receives navigation signals from

Fig. 8. Global distribution of the spatial-temporal matched S4Fmax data pairs
between FY3D-BDS and FY3D-GPS from January 1, 2018 to March 23, 2019.

Fig. 9. Global distribution of the deviations of S4Fmax data pairs between
FY3D-BDS and FY3D-GPS from January 1, 2018 to March 23, 2019.

the regional BDS-2 constellation, the S4Fmax data pairs are more
densely distributed in the Asian sector. From Fig. 9, it can be
seen that the absolute deviation of most S4Fmax data pairs is
around 0. Also, the color blocks are mostly in light green (∼0),
qualitatively showing the small systematic deviation of S4Fmax
between FY3D-BDS and FY3D-GPS.

To comprehensively evaluate statistical deviations of S4Fmax
data pairs between FY3D-BDS and FY3D-GPS, this article
divides the S4Fmax matching pairs into daytime (0600∼1800
LT), nighttime (1800 ∼0600 LT), low latitude (-30°∼30°), mid-
latitude (-30°∼-60°, 30°∼60°), and high latitude (-60°∼-90°,
60°∼90°) to assess the bias and std of S4Fmax data pairs, respec-
tively. It can be seen from Fig. 10 that the S4Fmax differences
between FY3D-BDS and FY3D-GPS belong to a quasi-normal
distribution with a mean value of about 0, and mostS4Fmax differ-
ences are concentrated in the range of -0.05 to 0.05. During the
whole day, the bias and std ofS4Fmax differences are, respectively,
-0.0065 and 0.0419; during the daytime, the bias and std are,
respectively, -0.0049 and 0.0418; during nighttime, the bias and
std are, respectively, -0.0080 and 0.0420. In addition, in the low
latitude, the bias and std are, respectively, -0.0122 and 0.0420;
in the middle latitude, bias and std are, respectively, -0.0121 and
0.0355; in the high latitude, the bias and std are, respectively,
0.0169 and 0.0462. Thus, when divided by the local time, the
std of S4Fmax differences during the nighttime is higher than that
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Fig. 10. Statistical distribution of the bias and std ofS4Fmax data pair difference
between FY3D-BDS and FY3D-GPS from January 1, 2018 to March 23, 2019, in
the whole day, daytime, nighttime, low latitude, mid-latitude, and high latitude.
In the top panel, the blue, red, and orange bars indicate the deviations of S4Fmax
data pairs in the whole day, day, and night, respectively; in the bottom panel, the
three bars describe the differences of S4Fmax data pairs in the low, middle, and
high latitudes, respectively.

during the daytime; when divided by latitude, the std of the
middle latitude is the smallest, and the std of the low latitude
and high latitude is larger.

B. S4Fmax Validation Between FY3D-BDS and COSMIC-GPS

This part presents the global distribution and statistical de-
viation of the S4Fmax matching pairs between FY3D-BDS and
COSMIC-GPS. Fig. 11 shows the global distribution of S4Fmax
matching pairs between FY3D-BDS and COSMIC-GPS; Fig. 12
shows the global deviation of S4Fmax matching pairs; Fig. 13
shows the statistical deviation of global S4Fmax matching pairs.
To evaluate the statistical deviation of the S4Fmax pairs be-
tween FY3D-BDS and COSMIC-GPS more comprehensively,
theS4Fmax pairs are divided into daytime, nighttime, low latitude,

Fig. 11. Global distribution of the spatial-temporal matched S4Fmax data pairs
between FY3D-BDS and COSMIC-GPS from January 1, 2018 to March 23,
2019.

Fig. 12. Global distribution of the deviations of S4Fmax data pairs between
FY3D-BDS and COSMIC-GPS from January 1, 2018 to March 23, 2019.

middle latitude, and high latitude to assess the corresponding
bias and std, in Fig. 13.

It can be seen from Fig. 11 that as the number of valid
COSMIC payloads decreases, the number of S4Fmax data pairs
between FY3D-BDS and COSMIC-GPS is smaller than that
between FY3D-BDS and FY3D-GPS, but there is a uniform
distribution of S4Fmax pairs in all sectors of the world. In Fig. 12,
the absolute deviation of most S4Fmax matching pairs is about
0, i.e., most of the color patches are in light green (∼0),
which qualitatively shows a small systematic offset of S4Fmax
between FY3D-BDS and COSMIC-GPS. Fig. 13 quantitatively
presents the statistical deviation of S4Fmax between FY3D-BDS
and COSMIC-GPS, i.e., the scintillation accuracy of FY3D-
BDS relative to COSMIC-GPS. It can be seen from the top
and bottom panels that the S4Fmax differences conform to a
basic quasi-normal distribution but with a systematic offset of
around -0.05, indicating that the scintillation index observed
by FY3D-BDS is slightly lower than that of COSMIC-GPS.
In the top panel, there are 259 pairs of S4Fmax in the whole
day, and the systematic deviation between FY3D-BDS and
COSMIC is -0.0445, with a std of 0.0702. In the daytime, the
bias between FY3D-BDS and COSMIC-GPS is -0.0477, with a
std of 0.0622, and in the nighttime, the bias is -0.0411, with a
std of 0.0779. Besides, the bias and std between FY3D-BDS and
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Fig. 13. Statistical distribution of bias and std of theS4Fmax data pair difference
between FY3D-BDS and COSMIC-GPS from January 1, 2018 to March 23,
2019, in the whole day, daytime, nighttime, low latitude, mid-latitude, and high
latitude.

COSMIC-GPS are -0.0439 and 0.0813 in low latitude, -0.0646
and 0.0581 in middle latitude, and -0.0101 and 0.0667 in high
latitude. The variation of S4Fmax error characteristics between
FY3D-BDS and COSMIC-GPS in the local time and latitude is
similar to that between FY3D-BDS and FY3D-GPS. The S4Fmax
std in the nighttime is higher than that in the daytime, while the
std in the middle latitude is the lowest.

IV. DISCUSSION

Tables I and II show the statistical deviation of the S4Fmax
data between FY3D-BDS and FY3D-GPS/COSMIC-GPS in the
whole day, daytime, nighttime, low latitudes, middle latitudes,
and high latitudes from January 1, 2018 and to March 23, 2019. It
can be seen from Table I that the average S4Fmax of FY3D-BDS
is slightly lower than that of FY3D-GPS, except in the high
latitudes where the number of S4Fmax data matching pairs is
smaller. Meanwhile, it can be seen from Fig. 10 that, although

TABLE I
STATISTICAL DEVIATIONS OF S4FMAX BETWEEN FY3D-BDS AND FY3D-GPS

FROM 2018.01.01 TO 2019.03.23

TABLE II
STATISTICAL DEVIATIONS OF S4FMAX BETWEEN FY3D-BDS AND

COSMIC-GPS FROM 2018.01.01 TO 2019.03.23

the deviations of the S4Fmax pairs between FY3D-BDS and
FY3D-GPS basically conform to a quasi-normal distribution,
the number of data pairs with negative deviations is more than
that with positive deviations, which is consistent with results in
Table I. In Table II, the average S4Fmax of FY3D-BDS is still
lower than that of COSMIC in whole day, but the magnitude
increases to about 0.04. In Fig. 13, the S4Fmax differences be-
tween FY3D-BDS and COSMIC-GPS also show an obvious
mean-negative quasi-normal-like distribution. The systematic
bias between FY3D-BDS and FY3D-GPS may be caused by
the signal strengths of different navigation signals. And the
systematic offset between FY3D-BDS and COSMIC-GPS is
also affected by the thermal noise of different detection pay-
load and the S4 calculation method, except the above factor.
Since FY3D S4 is calculated based on the signal strength as
described in Section II-A, the COSMIC S4 is calculated from
the one-second average SNR and the rms of the signal strength
[32]. The explanation of the larger systematic offset of S4Fmax
between FY3D-BDS and COSMIC-GPS will be described in
the next paragraph.

Taking std as the S4Fmax accuracy evaluation standard, at the
whole day, the S4Fmax std between FY3D-BDS and FY3D-GPS
is 0.0419, and the S4Fmax std between FY3D-BDS and COSMIC
is 0.0702. The latter is larger than the former, and this is mainly
caused by two factors. One factor is that the COSMIC constel-
lation has reached the end of its life cycle in 2018–2019, and the
number of valid payloads declined sharply. Therefore, compared
with FY3D-GPS versus FY3D-BDS, there are fewer S4Fmax data
matching pairs between FY3D-BDS and COSMIC-GPS, so the
S4Fmax std may increase statistically. The other factor is that the
S4Fmax of FY3D-BDS and FY3D-GPS is retrieved from different
GNSS signals received by the same GNOS payload, while the
S4Fmax of FY3D-BDS and COSMIC-GPS is generated from dif-
ferent GNSS signals received by different payloads. The former
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is the internal coincidence accuracy comparison of S4Fmax, while
the latter is the external coincidence accuracy comparison, so
the S4Fmax deviation of the former may be lower than that of the
latter. Overall, the std of S4Fmax differences between FY3D-BDS
and FY3D-GPS/COSMIC-GPS is lower than 0.1, indicating the
high precision of FY3D-BDS scintillation detection.

In addition, the S4Fmax std between FY3D-BDS and FY3D-
GPS/COSMIC-GPS at nighttime is higher than that at daytime.
This is due to the change of ionospheric irregularities postmid-
night[33] and the disparity of spatial-temporal matching princi-
ples. After midnight, the plasma bubbles will intensify sharply in
the ionosphere. Although spatial-temporal constraints are put on
the occurrence conditions of the worst-case scintillation in the
F-layer, when each GNSS signal passes through the irregularities
at different azimuth angles, times, and geographical positions,
the amplitude/phase of the GNSS signal will be modulated
differently, thus increasing the S4Fmax deviation in the data pairs
at nighttime.

It can also be observed that the S4Fmax between FY3D-BDS
and FY3D-GPS/COSMIC-GPS is closest in the middle latitude,
i.e., the std between them is the smallest, while the std in
the high latitude and low latitude areas is larger. The study
conducted by Tsai et al. shows that during the quiet period of
solar activity, ionospheric irregularities occur more frequently
at low latitudes and high latitudes but less frequently at middle
latitudes [28]. Thus, low latitude and high latitude will have a
higher probability of generating ionospheric irregularities, thus
increasing the random variation of S4Fmax and leading to the
corresponding enhancement of S4Fmax std.

The GNOS payload onboard FY3D can only receive GNSS
signals of the regional BDS-2 system, while the GNOS-II
onboard the FY3E satellite can receive signals of the global
BDS-3 system. Thus, it is urgent to evaluate the accuracy of
the ionospheric scintillation of BDS-3 received by the GNOS-II
payload onboard FY3E satellite. Since COSMIC-2 has accu-
mulated a large amount of ionospheric scintillation data, our
future work will match the scintillation index of FY3E-BDS
with COSMIC-2 in time and space for accuracy evaluation and
compare their global ionospheric scintillation morphology.

V. CONCLUSION

This article presents the global distribution and the statisti-
cal deviation of the spatial-temporal matched S4Fmax data pairs
between FY3D-BDS and FY3D-GPS/COSMIC-GPS from Jan-
uary 1, 2018 to March 23, 2019. The results indicate that the
S4Fmax observed by FY3D-BDS is slightly lower than that of
FY3D-GPS and COSMIC-GPS. Also, the std of S4Fmax differ-
ences between FY3D-BDS and FY3D-GPS/COSMIC-GPS is
smaller than 0.1, showing the high precision of the scintillation
observation of FY3D-BDS, which provides a scientific reference
for the subsequent research and application of the S4 index from
FY3D-BDS in ionospheric study.
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