
IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 62, 2024 5801113
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Abstract— Traditional ionospheric models were mostly con-
structed based on a single-layer assumption from global
navigation satellite system (GNSS) observations, while it can-
not capture vertical information of the ionosphere. This study
proposes a new method to construct a double-layer ionospheric
model based on constraints from a 3-D ionospheric model,
whereby the bottom and topside ionospheric total electron
content (TEC) can be represented by two spherical harmonic
(SH) functions. The new improved model allows two SH functions
to capture the spatiotemporal TEC variations across the vertical
range of the ionosphere. The determination of the two thin layer
heights (TLHs) in the double-layer model is achieved through a
minimum mapping function error. Moreover, the performance
of the new model is validated using GPS, BDS, and Galileo
data from the International GNSS Server (IGS) network and
compared with the global ionospheric map (GIM). During the
experiment period, the results indicate that: 1) the TLHs of the
bottom and topside ionosphere exhibit distinct spatiotemporal
trends with the optimal global heights as 350 and 650 km,
respectively; 2) the average relative accuracies of the bottom
and topside ionospheric models are up to 86.80% and 85.33%,
respectively; 3) the new model demonstrates an improvement
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of approximately 20%–27% in terms of TEC when compared
to the GIM model, with the rms better than 4.64, 2.99, and
3.61 TECU in the low, middle, and high latitudes, respectively;
and 4) with the increase of geomagnetic activity, the performance
of the double-layer model shows a slight decline, but its relative
accuracy can still reach over 84.8%.

Index Terms— Double-layer ionospheric model, global iono-
spheric map (GIM), global navigation satellite system (GNSS),
total electron content (TEC), thin layer height (TLH).

I. INTRODUCTION

THE ionosphere plays a crucial role in the solar-terrestrial
space environment and has a close relationship with

human activities. When the signal from the global naviga-
tion satellite system (GNSS) passes through the ionosphere,
it undergoes reflection, refraction, and delay, resulting in
group/phase delays ranging from a few meters to tens of
meters [1], [2], [3]. For the majority of users who rely
on single-frequency receivers, the ionospheric delay becomes
the most significant and challenging error source in GNSS
observations [4], [5], [6], [7]. Numerous studies have been
conducted to mitigate the impact of ionospheric delay on
GNSS navigation, positioning, and timing (PNT) by devel-
oping suitable ionospheric models [1], [8], [9].

The ionosphere model used to correct GNSS ionosphere
delays includes the broadcast ionosphere model (such as
the Klobuchar model used by GPS, the Klobuchar-like and
BDGIM models used by BDS, and the NeQuick model used
by Galileo), global ionospheric maps (GIMs) provided by
the International GNSS Service (IGS), and grid-based iono-
spheric correction from a satellite-based augmentation system
(SBAS) [10]. The broadcast ionosphere model only requires
a few broadcast parameters to meet the ionospheric delay
correction needs of many ordinary users during times of calm
ionosphere [11], [12], [13]. However, for users who require
high precision and security, the broadcast ionosphere model
not only struggles to meet accuracy requirements but also
lacks security guarantees during ionospheric storms [14], [15],
[16]. To improve the accuracy and reliability of ionosphere
error correction, the ionosphere model constructed based
on GNSS measured total electron content (TEC) has been
rapidly developed. Among them, the precise GIM released
by Ionospheric Associated Analysis Centers (IAACs), such
as Chinese Academy of Sciences (CAS), Wuhan University
(WHU), and the Polytechnic University of Catalonia (UPC)
within the context of the International GNSS Service (IGS)
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and International Association of Geodesy (IAG), has been
widely used [17], [18].

The ionospheric models mentioned above are mainly
single-layer ionospheric models. These models are widely used
in GNSS applications due to their simplicity and ease of use.
They also share a common assumption that the ionosphere
may be horizontally stratified but spatially uniform [19], [20].
Furthermore, these models assume that all free electrons of the
ionosphere are contained in a layer of infinitesimal thickness at
a given reference altitude H . Although the single-layer model
simplifies ionospheric TEC modeling and application, it may
introduce mapping errors of more than ten TECUs [21], [22].
In order to accurately simulate the spatiotemporal changes
of ionospheric electron density, many researchers have con-
structed ionospheric tomography models using multisource
observation data [23], [24]. These models have been applied
to electron density-related research. However, the data volume
of the tomographic model is much higher than that of the thin-
layer model, and the calculations are complex. As a result, it is
difficult to use the tomographic model in satellite navigation.

In this case, numerous studies have attempted to sim-
plify tomographic models by reducing spatial resolution and
designing multilayer (more than two layers) ionospheric mod-
els [25], [26]. Shukla et al. [27] compared and analyzed
the overall performance of the double-layer model and the
multilayer model in the Indian region. The results showed
that the accuracy of the double-layer model was superior to
that of the multilayer model. Hernández-Pajares et al. [28]
constructed a double-layer ionospheric model with a horizontal
resolution of 5◦ (longitude) and 2.5◦ (latitude) using the
kriging interpolation method based on carrier-phase observa-
tions. The distribution of ionospheric electron density within
each individual cell is uniform. Compared to the single-layer
ionospheric model, the GIM model established by UPC in
Spain based on the double-layer approximation has improved
the accuracy by 10%–20%. Li et al. [29] proposed con-
structing an ionospheric model based on the double-layer
approximation and two spherical harmonic (SH) functions
and conducted experiments in the Australian and Chinese
regions, respectively. The results showed that the precision
of the double-layer model can be improved by approximately
26% and 31% in the cross-validation experiment compared
to the traditional single-layer model in the Australian and
Chinese regions, respectively. However, Ren et al. [30] con-
structed a global double-layer ionospheric TEC model using
SH functions based on simulated LEO constellations and
ground-based GNSS data. The results revealed a decrease in
the accuracy of the double-layer model compared to the single-
layer model. We should note that when evaluating the efficacy
of the double-layer model in improving ionosphere modeling,
variations in statistical results may arise due to differences in
experimental time, region selection, and comparison objects.
Nevertheless, in general, the effectiveness of the double-layer
model in global ionosphere modeling is inferior to that of
regional models. Therefore, further research is needed on
the global double-layer model. In addition, even though the
double-layer approximation employs two SH functions to
simulate the spatial and temporal changes of the bottom

and topside ionospheric TEC, the ground-based GNSS-TEC
data are not divided according to the designed range of the
bottom and topside ionosphere during the modeling process.
Consequently, the ionospheric TEC represented by the bottom
and topside SH functions is tightly coupled together and fails
to represent the changes of the bottom and topside ionosphere,
respectively.

The thin-layer height (TLH) is an important parameter
in the ionosphere model that affects the position of the
ionospheric pierce point (IPP), mapping function, and the
accuracy of ionosphere modeling [21], [31]. The commonly
used ionospheric models determine the TLHs mainly based on
experience. For example, the GPS Klobuchar, BDS Klobuchar,
BDGIM, and GIM models use TLHs of 350, 375, 400,
and 450 km, respectively [1], [12], [13]. In the case of the
double-layer ionospheric model, Li et al. [32] developed a
regional ionospheric model for China using bottom and topside
TLHs of 300 and 750 km, respectively, while Shukla et al. [33]
created an Indian regional ionospheric model using TLHs of
300 and 500 km. Hernández-Pajares et al. [34] constructed a
global ionospheric model using TLHs of 450 and 1130 km.
It should be noted that the TLH is influenced by ionospheric
spatial gradients and changes over time, solar activity, lati-
tude, and other factors [34]. Many studies have analyzed the
variation characteristics of TLH under different ionospheric
spatiotemporal states, as well as its impact on the accuracy of
ionospheric models and DCB estimation [35], [36]. However,
there has not been a systematic analysis of the TLH in the
double-layer ionospheric model.

In this study, we propose a new double-layer ionospheric
model based on SH functions and NeQuickG model con-
straints, which allows each group of SH functions to represent
the TEC changes associated with the ionospheric range. Fur-
thermore, we propose a method to detect the TLHs of the
double-layer model using the theory of minimum mapping
error. Finally, the global variation characteristics of the TLHs
of the bottom and topside ionosphere are analyzed during
the experimental stage. The performance of new double-layer
model is validated and compared with the GIM model.

II. DATA AND METHODOLOGY

The new methodology is proposed to model the global TEC
using GPS, BDS, and Galileo data from the IGS stations. The
slant TEC data are extracted using the uncombined precise
point positioning (UPPP) [37] based on the dual-frequency
GNSS observations.

A. GNSS Observations

The test GNSS data (GPS, BDS, and Galileo data) pro-
vided by the International GNSS Server (IGS) were used in
this study. The geographic distribution of the global stations
selected in our experiment is shown in Fig. 1. The red dots
represent the stations selected for developing the TEC model,
while the green dots represent the verification stations used
to verify the ionospheric TEC models. In total, there are
280 stations available, including 260 modeling stations and
20 validation stations. The GNSS measurements were taken
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Fig. 1. Geographical locations of GNSS tracking stations from the Interna-
tional GNSS Service (IGS), including stations for modeling (red dots), and
stations for validation (green dots).

Fig. 2. Daily solar activity index F10.7 (top) and geomagnetic activity index
kp (bottom) in 2023.

at a sampling rate of 30 s. To minimize the impact of spatial
gradients and multipath effects on ionospheric mapping, only
the observation data corresponding to the line-of-sight (LOS)
with a cutoff angle of 20◦ were used at each observation point.

The ionosphere exhibits clear annual cyclic variations.
In order to demonstrate a representative statistical result,
we selected GNSS data spanning one year from the 10th day to
360th day in 2023 with a time interval of ten days to validate
the performance of the new ionospheric model in this study.
Fig. 2 shows the time series of the levels of solar activity,
F10.7 (in standard flux unit, sfu), and geomagnetic activity,
kp, for the year 2023 (https://omniweb.gsfc.nasa.gov/ow.html).
To facilitate a more accessible and precise representation
of the daily fluctuations in geomagnetic activity, we have
determined the average kp index daily, employing a 3-hourly
resolution for the kp values. It can be observed that the daily
F10.7 index ranges from 120 to 220 sfu, and the kp index
remains between 0.2 and 4.3. This indicates that the selected
time is a high solar activity year, and the geomagnetic activity
level covers from quiet to magnetic storm, which can be used
to comprehensively verify the model performance.

B. Acquisition of Ionospheric Observables

According to the dispersion characteristics of the ionosphere
on radio signals, the ionospheric delay of radio signals is a
function of the signal frequencies, and the ionospheric TEC
corresponds to the total number of electrons along a satellite-
receiver path. The ionospheric observables can be derived from
carrier-to-code leveling (CCL) and UPPP processes [37], [38].
The accuracy of ionospheric observables derived from the CCL
approach relies on averaging the geometry-free linear com-
bination within continuous arc segments, and the smoothing
results are greatly affected by the continuous arc lengths and
the noise level of code observables. Through reparametriza-
tion, UPPP can formulate full-rank function models. UPPP
treats ionospheric observables as parameters to be estimated,
fully utilizing precise satellite orbit and clock products as
constraint information, thereby enhancing the robustness and
reliability of ionospheric observation estimation. The accuracy
of the UPPP-derived TEC can be improved by about 20%–
40% in comparison with those from the CCL approach [37].

Therefore, the UPPP approach is used to derive the iono-
spheric TEC observations in this study. The ionospheric
observable can be expressed as follows:

Î j,s
r,ik = STEC j,s

r − νs
ik ·

(
DCBs

r,ik + DCB j,s
ik

)
+ ε Î (1)

where Î j,s
r,ik is the ionospheric observable in TEC unit (TECU);

j, s, and r are the PRN of satellite, satellite system (s = G
for GPS, C for BDS, and E for Galileo), and the receiver,
respectively; i and k denote frequencies fs,i and fs,k of
GPS, BDS, or Galileo satellite carrier-phase observations
(the GPS frequencies are fG,1 = 1575.42 MHz and fG,2 =
1227.60 MHz; the BDS frequencies are fC,1 = 1561.098 MHz
and fC,3 = 1268.52 MHz; and the Galileo frequencies are
fE,1 = 1575.42 MHz and fE,2 = 1176.45 MHz); ν =
(c/α( f −2

1 − f −2
2 )) is a constant used to convert the time unit

(second) to TECU, in which α = 40.28 × 1016 ms−2TECU−1

and c is the speed of light; DCBs
r,ik and DCB j,s

ik represent
the receiver and satellite differential code bias (DCB), respec-
tively; and ε Î denotes the noise level of the ionospheric
observable.

C. Evaluation Indicators

In order to intuitively demonstrate the comprehensive per-
formance of the ionospheric model, we compute the bias,
rms error, the improvement level of the double-layer model
relative to the single-layer model, and the relative correction
accuracy (RMSrel) of the models regarding the GNSS-TEC in
this study. The equations are shown as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Bias = 1
n

n∑
i=1

(
STECi

m − STECi
r

)

RMS =
√√√√1

n

n∑
i=1

(
m f · VTECi

m − STECi
r

)2

Improvement = RMSDL − RMSSL

RMSSL
· 100%

RMSrel = (
1 − RMS/STECr

) · 100%

(2)
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Fig. 3. Sketch map of the double-layer ionospheric model.

where n is the total number of samples; STECi
m and STECi

r
denote the slant TEC from the ionospheric models and the
reference TEC at the i th sample, respectively; RMSDL and
RMSSL represent the rms errors of the double-layer model and
single-layer model, respectively; mf represents the ionospheric
mapping function; and STECr is the mean value of reference
TEC for used samples.

III. DOUBLE-LAYER IONOSPHERIC MODEL

In this section, we introduce the construction method of the
double-layer model in detail and provide the determination
method for the main parameter, which is the TLHs of the
bottom and topside ionosphere. In addition, we will validate
the performance of the new model by modeling the global
TEC and comparing it with GIM.

A. Double-Layer Ionospheric Model Based on NeQuickG

As shown in Fig. 3, we divided the ionosphere into two
parts in terms of vertical dimension: the topside and the
bottom. The segmentation height (indicated by the red dashed
line in the figure) of the topside and bottom parts is set to
500 km in this study. The height selection mainly considers
the vertical variation characteristics of ionospheric electron
density and minimizes the influence of ionospheric spatial
gradient on the thin layer model as much as possible. Similar
to the assumption in the single-layer ionospheric model, free
electrons in the bottom and topside ionosphere are contained in
two layers (represented by brown solid lines) with infinitesimal
thickness at the reference altitudes H1 and H2, respectively.
However, unlike the single-layer ionospheric model, when
constructing and using the double-layer ionospheric model,
the IPPs at the heights of the respective bottom and topside
thin layers need to be calculated separately for each STEC
measurement taken along the line of sight (LOS) from a
GNSS satellite to a GNSS receiver. Therefore, under the
assumption of the double-layer ionospheric model, each STEC
measurement passes through two thin layers above and below,
resulting in two IPPs. In this context, the conversion between
the STEC and the VTEC utilizes a sine mapping function at
the location of each IPP of the corresponding thin layer.

The bottom and topside ionospheric TEC can be expressed
by

μl · Î j,s
r,ik = m f (E, Hl) · Fl(φl , λl)+ μl · νs

ik

·
(

DCBs
r,ik + DCB j,s

ik

)
+ μl · εs

r (3)

where μl is the contribution to STEC from the
lth (bottom or topside) layer; m f (E, Hl) =
1
/
(1 − ((R · cos(E)/R + Hl))

2)1/2 is the mapping function
used to convert the STEC to VTEC, which is a function
of the satellite elevation (E) at the receiver and thin layer
ionospheric height (Hl); and Fl(φl , λl) is a mathematical
function used to simulate the spatiotemporal variation of the
bottom or topside TEC.

The NeQuick model is a 3-D ionospheric model that
can calculate the corresponding electron density based on
input variables such as time, position, and solar activity
indicators [39]. In order to overcome the dependency on
solar activity, the Galileo broadcasting ionospheric model
NeQuickG uses the effective ionization level Az as the driving
parameter instead of the solar activity index [40]. Therefore,
based on the propagation path of GNSS signals in the iono-
sphere, we can utilize the NeQuickG model [40] to calculate
the topside and bottom ionospheric TECs of this path and
obtain μl as follows:

μl = STECl ′
STECs′

r
=

∫
Ll

Nd Ll∫
L Nd L

(4)

where STECl ′ and STECs′
r represent the STEC in the line

of sight direction of the lth layer and the entire ionosphere,
respectively, which were calculated using the NeQuick model;
and N () represents the ionospheric electron density at any
point. Compared to the prior method proposed by Li et al. [29],
this constraint can effectively separate the topside and bottom
ionospheres, enabling the double-layer ionospheric model to
simulate the spatiotemporal changes of TEC in the topside and
bottom ionospheres, respectively.

The SH function has an excellent mathematical structure
for describing global changing physical quantities and has
become one of the main functional models for modeling global
ionospheric TEC. Therefore, the SH function is used to fit the
global VTEC at each layer and is expressed as

Fl(φl , λl) =
nmax∑
n=0

n∑
m=0

Pnm
(
sinϕs

r,l

)( An,m,l cos
(
m · λ s

r,l

)
+Bn,m,l sin

(
m · λ s

r,l

)
)

(5)

where Pnm is the normalized Legendre function of degree n
and order m; nmax is the maximum value of SH degree; φl and
λl are the geographic latitude and Sun-fixed longitude of the
IPP at the lth layer, respectively; and An,m,l and Bn,m,l are the
SH coefficients to be estimated using GNSS data.

Furthermore, recognizing that ionospheric TEC variations
are predominantly driven by solar activity, we model the
ionospheric TEC against a solar-fixed frame. This approach
allows for a smoother representation of spatial variations,
enhancing the model’s convenience and accuracy. Since the
ionospheric TEC is closely tied to local time, we allocate
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the 24-h calendar day into 12 equal sessions for compre-
hensive analysis. Based on the existing global ionospheric
TEC modeling experience, the degree and order of the SH
function at each layer are set to 15 (nmax) [20]. For the receiver
and satellite DCBs, we estimate them synchronously with the
ionospheric model parameters as stable parameters within a
day. The satellite DCBs cannot be distinguished from receiver
DCB without introducing additional references. A zero-mean
condition for all satellites suggested by the IGS [41] is
adopted in this study. The model parameters for each session
and the receiver and satellite DCBs are estimated using the
least-squares method. The STEC measurements from different
satellites and receivers are considered to be independent, and
the variance of the STEC in the model estimation is calculated
by

σ 2
STEC = ψ(E)σ 2

I s
r
+ σ 2

DCBs + σ 2
DCBr

(6)

where ψ(E) = (1/ sin2(E) + 1) is a function related to
satellite elevation; σ 2

I s
r

is the variance of the ionospheric delays
estimated from the UPPP method; and σ 2

DCBs and σ 2
DCBr

are
the variance of the satellite and receiver DCBs, respectively.

B. Parameter Settings for the Double-Layer Ionospheric
Model

The mean heights of the two thin layers in the regional
double-layer ionospheric models are selected based on expe-
rience, resulting in differences due to the influence of spatial
changes in the ionosphere. However, the TLHs of the globally
applicable double-layer model have not been determined yet.

In this context, the principle for selecting the optimal TLH
is to calculate the mapping function error (IME) of different
TLHs and choose the TLHs that correspond to the minimum
IME as the optimal TLH. This work used the NeQuickG model
to calculate IME for various satellite elevations and azimuths.
By taking the VTEC and STEC derived from the NeQuickG
model as the reference, the mapping function errors at an IPP
can be expressed as [21]

IME
(
ϕipp, λipp, Ei , A j , Hk

)
= m f (Ei , Hk) ·

∫ s2

s1

N
(
ϕipp, λipp, Ei , A j , s

)
ds

−
∫ h2

h1

N
(
ϕipp, λipp, h

)
dh (7)

where
(
ϕipp, λipp

)
is the geographical coordinates of the

IPP; Ei and A j are the elevation angle and azimuth angle,
respectively; Hk is the TLH; mf() refers to a mapping func-
tion that is identical to the one in (3); s1 and s2 represent
the starting and ending points of the slant path of GNSS
signal in the bottom or topside ionosphere, respectively;
h1 and h2 represent the starting and ending points of the
vertical path of GNSS signal in the bottom or topside iono-
sphere, respectively; and

∫ s2

s1
N

(
ϕipp, λipp, Ei , A j , s

)
ds and∫ h2

h1
N

(
ϕipp, λipp, h

)
dh are the VTEC and STEC through the

same IPP, respectively.
As seen from (7), the IME at the IPP is only related to the

TLH, the elevation angle, and the azimuth angle. By consider-
ing the elevations and azimuths of the IPP, we can evaluate the

TABLE I
OPTIMAL TLHs OF BOTTOM AND TOPSIDE IONOSPHERE FOR

THE DIFFERENT LATITUDES

rms errors of the IMEs for different TLHs. As shown in (8),
selecting the TLH that corresponds to the minimum rms error
is the optimal TLH

min
(
rms

(
IME

(
ϕi pp, λipp, Ei , A j , Hk

))) → OTLIH (8)

where min() is a function that calculates the minimum value
of a matrix and rms() is a function that calculates the rms error
of a matrix.

On the global scale, 21 uniformly distributed GNSS obser-
vation stations were selected to calculate the optimal TLH
based on (8) for both the bottom and topside ionospheres.
In this experiment, the elevation and azimuth angles are
equally spaced, with elevation angles ranging from 10◦ to 50◦
with one every 10◦ and azimuth angles ranging from 0◦ to
360◦ with one every 60◦. In order to showcase the temporal
and spatial variations of the TLH in different seasons, we have
analyzed its most representative temporal and spatial changes
around the spring equinox, summer solstice, autumn equinox,
and winter solstice (DOY 80, 170, 270, and 360). Figs. 4
and 5 illustrate the optimal TLHs for the bottom and topside
ionosphere at each GNSS station on DOY 80, 170, 270, and
360 of 2023. The resolutions of the TLH are set to 10 and
20 km for the topside and bottom ionosphere, respectively.
For the bottom ionosphere, the optimal TLH typically varies
from 220 to 400 km, with a decreasing trend as latitude
increases. Conversely, for the topside ionosphere, the optimal
TLH ranges from 550 to 850 km, exhibiting an upward trend as
latitude increases. Clearly, due to the spatiotemporal variations
in the ionosphere, the optimal TLH values vary over time and
space. In different seasons, the TLH variation at the same
station is small, with differences generally within a range of
50 km.

In order to illustrate the relationship between TLH and
latitude more intuitively, we calculated the optimal bottom
and topside TLHs for different latitude bands based on IMEs
using (7) in different seasons, as shown in Table I. As shown
in the table, with the increase in latitude, the distance between
the bottom and topside TLHs becomes increasingly larger.
This indicates that as latitude increases, the electron density
becomes more dispersed in the vertical direction. There are
significant differences in the TLH of different latitude belts,
especially between low and high latitudes.
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Fig. 4. Geographic distribution map concerning the bottom thin-layer height on DOY 80, 170, 270, and 360 in 2023.

Fig. 5. Geographic distribution map concerning the top thin-layer height on DOY 80, 170, 270, and 360 in 2023.

However, to facilitate the construction and usage of a
double-layer ionospheric model based on global observation
data, we employed the aforementioned method to determine
the optimal TLH values of 350 km for the bottom ionosphere
and 650 km for the topside ionosphere during the experimental
phase.

In addition, the ratio of bottom and topside ionospheric
TECs is also a key parameter in the proposed model, as it
affects the accuracy of each layer model. Fig. 6 presents the
global spatial distribution of TEC ratios in the bottom and
top ionosphere around the spring equinox, summer solstice,
autumn equinox, and winter solstice in 2023 based on (4)
using the NeQuickG model. According to the data used in
this experiment, the ratio values range from 0.5 to 5.5. The
ratio has a clear seasonal variation characteristic. At the vernal

and autumnal equinoxes, the ratio is essentially symmetrical
about the geomagnetic equator; the ratio in the hemisphere
at summer solstice is significantly lower than that in the
hemisphere at winter solstice. This phenomenon is closely
related to the seasonal variations of the ionosphere caused
by solar activity. Furthermore, the spatial distribution of ratio
values varies at different times due to the influence of solar
activity. On a global scale, the ratio between the bottom and
topside ionospheric TEC is approximately 0.7:0.3.

IV. PERFORMANCE OF THE TEC MODELS

A. Evaluation of Topside and Bottom Ionospheric Models

The first coefficient, representing the zero-order term of
the SH function coefficients, indicates the average ionospheric
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Fig. 6. Spatial distribution of TEC ratios in the bottom and top ionosphere of four seasons on DOY 80, 170, 270, and 360 in 2023.

TEC at each layer across the covered data area. The total of
the first coefficients of the two SH functions gives the average
global TEC value for each session. Fig. 7 shows the series
of daily average ionospheric TEC of the first coefficients,
including the bottom average TEC (represented by the green
solid line) and the topside average TEC (represented by the
blue solid line), as well as the sum of the two (represented
by the red solid line). These are compared with the GIM
model (represented by the black solid line). It can be observed
that the series of the sum of the bottom and topside average
TEC is very similar to that of the GIM model. The correlation
coefficient between them is 0.97, with a bias of 1.60 TECU and
rms errors of 2.03 TECU. In addition, the bottom and topside
TEC series display a similar trend of change as the GIM-
TEC. This reinforces the notion that the SH coefficients retain
their physical relevance within the context of the proposed
double-layer ionospheric model.

Figs. 8 and 9 show the spatial distributions of the bottom
and topside ionospheric TEC at 13:00 UT during the four
seasons (DOY 80, 170, 270, and 360) in 2023. As depicted
in the figures, both the bottom and topside ionospheric TEC
exhibit a bimodal structure on both sides of the equator. On a
global scale, the TEC of the bottom ionosphere mainly ranges
from 5 to 75 TECU, while the TEC of the topside ionosphere
is generally between 2 and 35 TECU. In the same region,
the TEC of the bottom ionosphere is approximately double
that of the topside ionosphere. In addition, both the bottom
and topside ionospheric models can not only demonstrate the

Fig. 7. Series of daily average ionospheric TEC directly extracted from the
first coefficients of double-layer ionospheric model and GIM in global.

distribution characteristics of the TEC in the ionosphere across
the global range but also depict the subtle fluctuations of TEC
in small areas. This also proves the performance of the model
proposed in this study from a side view.

The disparity between the GNSS TEC measurements
and the ionospheric model can indicate the consistency
between the double-layer model and the actual observations.
To assess the accuracy of both the bottom and topside
ionospheric models, we divide the GNSS-TEC into two cor-
responding parts based on the proportional coefficient μ [as
shown in (3)], which is calculated by the NeQuickG model.
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Fig. 8. Global maps of the bottom ionospheric TEC, referring to 13:00 UT on the DOY 080, 170, 270, and 360 of 2023.

Fig. 9. Global maps of the top ionospheric TEC, referring to 13:00 UT on the DOY 080, 170, 270, and 360 of 2023.

Since the NeQuickG model is used in the modeling and
the proportion coefficient μ has an uncertainty error, the
evaluation result is provided only as a reference for the
precision of internal coincidence. The normalized histograms
of the errors (bias, rms, and relative rms errors) in the bottom
and topside ionospheric models, relative to the GNSS TEC
during DOYs 010 to 360 in 2023 with a sampling interval of
ten days, are shown in Fig. 10. The data samples are the daily
statistical values of each validation station, with a total of over
2100 samples. The bias of the bottom ionospheric model is
mostly distributed between ±4.5 TECU, while the bias of the
topside model is mainly between ±2.5 TECU. The majority of
the rms errors of the bottom and topside ionospheric models
are less than 6.0 and 3.0 TECU, respectively. In most cases,

the correction accuracy of the bottom and topside ionospheric
models is better than 60%. The topside ionospheric model
exhibits lower bias and rms errors compared to the bottom
ionospheric model. However, the relative accuracy of the
bottom ionospheric model is higher than that of the topside
ionospheric model. This is primarily because the TEC of
the bottom ionosphere is higher than that of the topside
ionosphere.

B. Comparison With GIM Model

In addition, the double-layer model is compared with the
official IGSG-GIM product, which is derived through the
collective weighting of GIM products provided by various
ionospheric analysis centers of IGS. The IGSG-GIM model
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Fig. 10. Histograms of the bias, rms, and relative rms errors of bottom ionospheric model and top ionospheric model relative to GNSS TEC during the DOY
010–360 for the year 2023, with a sampling interval of ten days.

is renowned as one of the most precise global ionospheric
TEC models available to the public, exhibiting a consistent
bias of approximately 3.9 TECU and an rms error of roughly
4.2 TECU [16], [18]. Fig. 11 shows the spatial distribution
of ionospheric TEC derived from the double-layer model and
GIM at 13:00 UT during the four sections (DOYs 80, 170,
270, and 360) in 2023. As shown in the figure, the double-layer
model and GIM exhibit similar overall characteristics in terms
of TEC spatiotemporal distribution. From a more detailed per-
spective, the TEC distribution of the GIM model is smoother,
while the double-layer model can accurately depict local
TEC changes. This comparison indicates that the double-layer
model has a significantly enhanced ability in capturing the
spatial TEC variation. To better illustrate the differences
between the double-layer model and GIM, the discrepancies
between the two models were calculated, as shown in Fig. 12.
The difference ranges from −20 to 15 TECU, with the largest
disparity occurring in the polar and equatorial regions. In the
ionospheric bimodal region near the geodetic equator, the TEC
estimation of the double-layer model is lower than that of the
GIM. On the contrary, the calculated values of the double-layer
model in the polar regions are higher than those of the GIM,
especially in the Antarctic region.

Furthermore, we conducted a comparative analysis of the
bias, root-mean-square (rms) errors, and relative accuracy
of the double-layer model against the GIM over the entire
evaluation period, as depicted in Fig. 13. In order to simulate
real-world conditions more accurately, we also assessed the
model’s capability in estimating STEC, an application where
prediction errors are typically more substantial than those
encountered in VTEC estimation. It can be observed that the
double-layer model has better accuracy than GIM. Specifically,
the biases of the double-layer model are mostly negative,
while the biases of GIM are positive. This indicates that the
double-layer model underestimates the ionospheric TEC, while
GIM overestimated TEC in our experiment. It can also be
found that the rms errors for double-layer model are much

smaller, with a range of 2.5–4.5 TECU, compared to the GIM
model’s range of 3.5–5.8 TECU. Furthermore, the relative
accuracy of the double-layer model is better than that of GIM,
with the double-layer model achieving a relative accuracy
ranging from 80% to 90%, while the GIM model achieved a
relative accuracy between 76% and 85% during the test period.

Ionospheric changes have a close relationship with latitude.
In order to analyze the comprehensive performance of the
ionospheric model in different latitudes, we calculate the bias,
rms, and relative accuracy of the double-layer model and
GIM in high (±60◦ ∼ ±90◦), middle (±30◦ ∼ ±60◦), and
low (0◦ ∼ ±30◦) latitudes, as shown in Table II. According
to the table, the average bias of the double-layer model is
approximately −0.49, −0.82, and −0.17 TECU during the
entire test period in low, middle, and high latitudes, while it
is approximately 4.49, 3.39, and 3.11 TECU for the GIM,
respectively. Compared to the GIM model, the rms errors
of the double-layer model are reduced by 1.22, 1.11, and
1.14 TECU in the low, middle, and high latitudes, respectively.
The improvements of the double-layer model are about 20.8%,
27.1%, and 24.0% across the three latitude regions based
on (2). The enhanced accuracy of the double-layer model
is particularly noticeable in low and high latitudes, likely
due to the heightened ionospheric activity in these regions.
The model’s ability to mitigate mapping errors arising from
ionospheric spatial gradients is more pronounced in these
areas. Moreover, at low latitudes, the impact of solar radiation
on the ionosphere is more substantial, affecting its structure
and density. Consequently, the double-layer ionospheric model
can offer more precise predictions by capturing the intricate
ionospheric conditions at these geographically distinct loca-
tions. Compared to the GIM model, the relative accuracy of the
double-layer model improves by 4%, 5.1%, and 6.9% in the
low-, medium-, and high-latitude regions, respectively. It can
be seen that the relative accuracy in high-latitude areas has
significantly decreased. The possible reason is that ionospheric
debris and scintillation are more frequent in high-latitude
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Fig. 11. Spatial distribution of mapping TEC of four sections derived from double-layer SH model (left) and GIM-IGSG (right) at 13:00 UT during DOY
80, 170, 270, and 360 in 2023.

Fig. 12. Global maps of the TEC differences between double-layer ionospheric model and GIM-IGSG, referring to 13:00 UT during DOY 80, 170, 270,
and 360 in 2023.

areas, resulting in a decrease in the quality of GNSS observa-
tion data. Furthermore, there is relatively little observational
data available in the polar regions.

Geomagnetic activity is one of the main factors that affect
the ionosphere. During intense geomagnetic activity, it can
cause significant disturbances in the ionosphere, which in turn
can impact the accuracy and reliability of TEC modeling.

Therefore, it is necessary to analyze the performance of
the double-layer model under different levels of geomagnetic
activity. Table III provides information on the accuracy of both
the GIM and double-layer models under three different levels
of geomagnetic activity: quiet (0 < Kp ≤ 3), unsettled (3 <
Kp ≤ 4), and active (above 4). It can be observed that there
is a slight change in the deviation of the two models under
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TABLE II
STATISTICAL RESULTS OF THE GIM AND DOUBLE-LAYER MODELS RELATIVE TO THE GNSS TEC VALUES

IN THE DIFFERENT LATITUDE REGIONS IN 2023

TABLE III
STATISTICAL RESULTS OF THE GIM AND DOUBLE-LAYER MODELS RELATIVE TO THE GNSS TEC VALUES UNDER DIFFERENT

GEOMAGNETIC ACTIVITY CONDITIONS IN 2023

Fig. 13. Time series of the bias, rms, and relative accuracy for the GIM and
double-layer model TEC estimates relative to the GNSS TEC in 2023.

different geomagnetic activity conditions. However, as the
geomagnetic activity increases, the rms error of the dual-layer
model increases and the relative correction accuracy decreases.
Nevertheless, the dual-layer model still has certain advantages
over the GIM model.

V. CONCLUSION

This study proposes a new method to construct a
double-layer ionospheric model with constraints from the

NeQuickG model. The TLH, an important parameter in the
double-layer model, is determined based on the minimum
mapping error method calculated from the NeQuick model.
In addition, the performance of the proposed ionospheric
model is comprehensively evaluated using GNSS TEC data
and the GIM model under different seasons, latitudes, and
geomagnetic activity. During the experiment period, the results
show that the optimal TLH of the bottom ionosphere typically
ranges from 220 to 400 km, with a decreasing trend as latitude
increases. Conversely, for the topside ionosphere, the optimal
TLH varies between 550 and 850 km, with an upward trend as
latitude increases. Taking into account different seasons and
latitudes, the optimal TLHs globally are 350 and 650 km in
the bottom and topside ionosphere, respectively. Regarding the
proposed ionospheric model, our test results demonstrate the
following: 1) the SH coefficients still hold physical meanings
in the double-layer model, with a correlation coefficient of
0.97 between the first coefficient of the double-layer model
and the GIM; 2) the average relative accuracies of the bottom
and topside ionospheric models are 86.80% and 85.33%,
respectively; 3) the performance of the new model derived
TEC is improved by approximately 20%–27%, and rms errors
in the low, middle, and high latitudes are generally better
than 4.64, 2.99, and 3.61 TECU, respectively, when compared
to the GIM model; and 4) with the increase of geomagnetic
activity, the performance of the double-layer model shows a
slight decline, but its relative accuracy can still reach over
84.8%.

It should be noted that: 1) the TLHs used in this study
are only applicable to the corresponding bottom and topside
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ionospheric ranges; 2) further analysis is needed on the
performance of the SH function for each layer; and 3) the
evaluation results of the model’s performance are limited
to representing the high solar activity year of 2023. In the
future, we will further focus on comprehensively analyz-
ing the performance of the double-layer model in different
ionospheric regions, levels of solar activity, and each layer
model.
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