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Abstract. High-resolution ionospheric total electron content (TEC) gradient observations are well-suited
for characterizing ionospheric spatial structure and for assessing ionospheric effects on Global
Navigation Satellite System (GNSS) positioning applications. Existing global ionospheric products
provide valuable information on large-scale ionospheric conditions, but their spatial and temporal
sampling is generally not sufficient to resolve fine-scale TEC gradient structures over China. We present
GIFT-BDS (Gradient Ionospheric index from Fixed-geometry TEC observations using BDS GEO
satellites), a high-resolution regional ionospheric dataset derived from a dense ground-based GNSS
network and BeiDou geostationary Earth orbit (GEO) fixed-geometry observations. The network consists
of more than 200 ground-based GNSS receivers and five BeiDou GEO satellites, providing stable
receiver-satellite geometries and repeated sampling of nearly fixed ionospheric pierce points. The
released dataset contains two product levels. Level-1 provides 30 s GEO-derived slant TEC (STEC) time
series for individual receiver-satellite links. Level-2 provides gridded vertical TEC (VTEC), rate of TEC
index (ROTI), Gradient Ionospheric Index (GIX), and directional TEC gradient components. The TEC-
gradient products are provided on a 0.25° x 0.25° grid with a temporal resolution of 15 min. The dataset
is assessed using STEC stability statistics, internal consistency diagnostics, and comparison with Global
Ionospheric Map (GIM) derived gradients. Selected examples illustrate the use of GIFT-BDS for studies
of daytime Equatorial Ionization Anomaly (EIA) morphology, nighttime Equatorial Plasma Bubble (EPB)
evolution, and ionospheric effects on Precise Point Positioning (PPP) and Real-Time Kinematic (RTK)

positioning performance. The dataset is available at https://doi.org/10.5281/zenodo.21090695 (Li et al.,
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2026a), with daily updates provided at https://data.bdsmart.cn/pub/campaign/iono/. GIFT-BDS extends
the currently available ionospheric data resources over China by providing continuous high-resolution
observations of TEC and TEC gradients, enabling investigations of ionospheric dynamics, space-weather

effects, and GNSS positioning error characterization.

Open Access

Earth System
Science

Data

suoIssnoasiq



https://doi.org/10.5194/essd-2026-532
Preprint. Discussion started: 31 August 2026
(© Author(s) 2026. CC BY 4.0 License.

36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

64

1 Introduction

High-resolution ionospheric observations are required to describe regional electron-density structures
and to assess their impact on trans-ionospheric radio signals. The ionosphere affects Global Navigation
Satellite System (GNSS) signals through propagation delay caused by spatially variable total electron
content (TEC), making it one of the main error sources for positioning, navigation and timing (PNT)
applications. Beyond its practical relevance for GNSS, ionospheric variability provides information on
geospace processes driven by solar-terrestrial forcing, geomagnetic activity, and neutral-atmosphere
dynamics (Buonsanto, 1999; Francis, 1974; Hedin, 1987; Sheng et al., 2025). Spatially dense and
temporally continuous regional observations are therefore needed to characterize ionospheric structures
and associated TEC gradients, particularly in regions where low- and mid-latitude processes coexist.

The Chinese sector spans low- and mid-latitude ionospheric regions and exhibits variability over a
wide range of spatial and temporal scales. Daytime Equatorial Ionization Anomaly (EIA) development
and nighttime Equatorial Plasma Bubble (EPB) activity are two representative manifestations of low-
latitude ionospheric variability in this sector (Balan et al., 2018; Li et al., 2021a). These phenomena
reflect both the background electrodynamic evolution of the low-latitude ionosphere and the
development of plasma instabilities, with clear local-time, seasonal and regional dependences (Abdu,
2001; Chen et al., 2016; Li et al., 2021a). Geomagnetic storms may further produce strong regional
responses through the coupled effects of solar-wind forcing, geomagnetic activity, and thermosphere—
ionosphere dynamics (Chen et al., 2025; Zhang et al.,, 2024). Atmospheric waves generated by
earthquakes and volcanic eruptions can also disturb the ionosphere over broad areas (Astafyeva, 2019;
Lietal., 2025a; Zhai et al., 2025). Resolving these structures and their associated TEC gradients requires
observations with sufficient spatial sampling and temporal continuity, which are also relevant for
assessing ionospheric effects on GNSS-based applications over China (Yang et al., 2021; Yuan et al.,
2019).

GNSS observations provide continuous measurements of path-integrated electron density along
satellite-receiver lines of sight, and ground-based receiver networks have become an important basis for
ionospheric monitoring. Global Ionospheric Maps (GIMs) are among the most widely used public GNSS-
based ionospheric products and provide valuable information on large-scale ionospheric background

conditions and storm-time responses at global and continental scales (Astafyeva et al., 2015; Chen et al.,
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2017; Cherniak et al., 2025; Li et al., 2021b). Their spatial and temporal sampling, however, is often not
adequate for resolving fine-scale regional TEC gradient structures (Hu et al., 2024; Liu et al., 2026;
Savastano et al., 2019). High-resolution regional products therefore require dense and continuously
operated GNSS receiver networks. At the global scale, the International GNSS Service (IGS) provides a
widely used network of permanent GNSS stations and openly available ionospheric products
(Hern&ndez-Pajares et al., 2009; Liu et al., 2021). At the regional scale, dense GNSS infrastructures,
including NOAA CORS, GEONET, EUREF, and Australian GNSS networks, provide important
observational bases for regional ionospheric monitoring (Kenyeres and Bruyninx, 2004; Snay and Soler,
2008; Takamatsu et al., 2023; Woodgate et al., 2017). For the China region, GIFT-BDS uses a dedicated
ground-based GNSS receiver network comprising more than 200 stations and fixed-geometry
observations from BeiDou geostationary Earth orbit (GEO) satellites. In contrast to conventional medium
Earth orbit (MEO) GNSS observations, which involve moving line-of-sight (LOS) geometry, BeiDou
GEO observations provide nearly fixed receiver-satellite geometry over China. This property enables
repeated sampling of nearly fixed ionospheric pierce points and supports temporally consistent regional
TEC gradient estimation (Li et al., 2023; Wang et al., 2020).

The GIFT-BDS dataset is based on a fixed-geometry ionospheric observation network comprising
ground-based GNSS receivers and BeiDou GEO satellites. The near-stationary GEO geometry provides
continuous observations over nearly fixed ionospheric pierce points (IPPs), while pairs of IPPs define
geometry-invariant inter-IPP vectors on the ionospheric shell (Li et al., 2025b). Each inter-IPP vector is
used as a sensing element for estimating VTEC differences mapped to the ionospheric shell over a known
distance. This configuration increases the spatial sampling density and redundancy of regional gradient
observations without relying on moving IPP tracks (Jakowski and Hoque, 2019). Spatial TEC gradients
are derived from the network of inter-IPP vectors, whereas temporal TEC variations are estimated from
the time series at nearly fixed IPPs. The same observation geometry therefore supports the generation of
both Level-1 GEO-derived slant TEC (STEC) records and Level-2 gridded regional TEC-gradient
products.

GEO-derived STEC records and TEC-gradient products are useful for studies of multi-scale
ionospheric variability and for analyses of ionospheric effects on GNSS positioning. The nearly fixed

LOS geometry supports time-continuous comparisons at nearly fixed IPPs and reduces sampling
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differences caused by moving satellite geometry. GEO-based observations have been used, for example,
to detect traveling ionospheric disturbances (TIDs) and to estimate the altitude and zonal drift velocity
of ionospheric irregularities (Huang et al., 2025; Rao et al., 2025; Zhong et al., 2023). TEC gradients
describe horizontal spatial changes in TEC and provide diagnostics of regional ionospheric structure.
The Gradient Ionospheric Index (GIX), derived from TEC spatial gradients, is included in the dataset as
a quantitative indicator of gradient intensity (Jakowski and Hoque, 2019; Nykiel et al., 2024). Such
gradient information can support studies of Equatorial Ionization Anomaly (EIA) evolution, Equatorial
Plasma Bubble (EPB) development, and Large-scale Traveling lonospheric Disturbances (LSTIDs)
propagation (Fu et al., 2025a; Li et al., 2025b), as well as the analysis of Precise Point Positioning (PPP)
and Real-Time Kinematic (RTK) performance under disturbed ionospheric conditions (Fu et al., 2025a;
Nykiel et al., 2024). These applications motivate the release of a documented and reusable regional
dataset rather than isolated event-based products.

This paper describes GIFT-BDS (Gradient Ionospheric Index from Fixed-geometry TEC
observations using BeiDou GEO satellites), a high-resolution regional ionospheric TEC and Gradient
Ionospheric Index dataset over China. The focus is on dataset construction, product definition, quality
control, technical assessment, and example uses. The following sections first describe the ground and
space segments of the fixed-geometry observation network. We then present the processing workflow,
including GEO-derived STEC generation, TEC gradient estimation, grid mapping, and product
standardization. The dataset is assessed using STEC stability statistics, internal consistency diagnostics
of the gradient products, and comparison with GIM-derived gradients. Selected examples illustrate
representative uses of the dataset for ionospheric process studies and GNSS positioning-related analyses.

Finally, data access, usage information, and the daily update procedure are provided.
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2 Observation network

The GIFT-BDS dataset is generated from a fixed-geometry ionospheric observation network that
combines a dense ground-based GNSS receiver network with BeiDou GEO satellites. The ground
segment provides continuous multi-GNSS measurements over China, whereas the GEO satellites provide
near-stationary receiver-satellite viewing geometries and repeated sampling of nearly fixed ionospheric

pierce points.

2.1 China real-time multi-GNSS station network

The ground segment of GIFT-BDS is the China real-time multi-GNSS station network, which comprises
more than 200 continuously operating GNSS stations over China. Each station is equipped with a
Septentrio PolaRx5 receiver supporting GPS, GLONASS, Galileo, and BeiDou observations. The
stations provide 1 Hz RTCM real-time data streams and 30 s RINEX observation files to the data center.
The station network was completed in mid-2024 and has been continuously operated since then. Figure
1 shows the geographical distribution of the receivers within the study region of 15°N-50°N and 95°E—
135°E. The stations are mainly distributed over the low- and mid-latitude regions of China, with
relatively dense and homogeneous coverage south of 35°N. In this southern part of the network, the

median nearest-station spacing is approximately 100 km, as shown in Fig. 1b.
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Figure 1. Ground segment of the GIFT-BDS observation network. (a) Geographical distribution of the China real-
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time multi-GNSS station network over the study region (15°N-50°N, 95°E-135°E). (b) Median nearest-station

spacing within 1° latitude bins south of 35°N. The horizontal dashed line in (a) denotes 35°N.

2.2 BeiDou GEO satellites

The space segment of the GIFT-BDS observation network consists of five GEO satellites from the
BeiDou Navigation Satellite System (BDS). Table 1 lists the PRN identifier, satellite name, nominal
longitude, launch date, and orbital inclination of each BeiDou GEO satellite used in the processing. The
five GEO satellites are located at different longitudes and therefore provide multiple fixed-viewing
geometries over the China region. Unlike MEO GNSS satellites, BeiDou GEO satellites provide near-
stationary receiver-satellite geometry. Each valid receiver-GEO link defines a line of sight and an
associated IPP on the assumed ionospheric shell. These IPPs vary only slowly with time, enabling

repeated sampling of nearly the same ionospheric regions.

Table 1. BeiDou GEO satellites used in the space segment of the GIFT-BDS observation network.

PRN Satellite Longitude Launch Date Inclination (°)
Co1 BDS2 GEO8 144.5°E 2019-05-17 0.4001
C02 BDS2 GEO6 84.0°E 2012-10-25 1.4764
Co3 BDS2 GEO7 110.5°E 2016-06-12 1.5196
C04 BDS2 GEO4 160.0°E 2010-10-31 0.8047
Co5 BDS2 GEOS 59.0°E 2012-02-24 1.8963

2.3 Input data and auxiliary products

Based on the observation network described in Sects. 2.1 and 2.2, the GIFT-BDS dataset generation uses
archived station observation files together with several auxiliary products. The daily RINEX observation
files provide the primary ground-based input. These files are archived at an internal data center with a
sampling interval of 30 s. The station coordinate file provides receiver positions for geometric
calculations. Broadcast ephemerides supply satellite orbit information for the BeiDou GEO satellites.
Satellite code bias products are used for satellite DCB corrections, and IONEX products provide a global
ionospheric background used in receiver bias estimation. The detailed processing steps are described in

Sect. 3. The combined information is summarized in Table 2.
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158 Table 2. Essential input data and auxiliary products used for GIFT-BDS dataset generation.
Data Institution URL
. . China real-time
Daily RINEX observation
multi-GNSS station -
files
network
Network coordinate
Station coordinate file . -
solution
Multi-GNSS broadcast 1GS ftp://igs.ign.fr/pub/igs/data/yyyy/ddd/BRDCOOIGS R y
ephemeris yyyddd0000_01D_MN.rnx.gz
https://data.bdsmart.cn/pub/product/bias/yyyy/CASOMG
Satellite code bias product CAS
XRAP_yyyyddd0000_01D_01D_DCB.BSX.gz
https://data.bdsmart.cn/pub/product/iono/ionex/yyyy/dd
IONEX product UPC .
d/uqrgddd0.yyi.Z
159
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3 Data processing and product generation

The GIFT-BDS dataset is organized into two product levels. Level-1 contains 30 s GEO-derived STEC
time series for individual receiver-satellite links, together with Rate Of TEC Index (ROTI), LOS
geometry and IPP information. These observation-level records form the basis for the higher-level
gridded products. Level-2 provides gridded VTEC, ROTI and TEC-gradient variables derived from
Level-1 products. The spatial gradient fields are provided on a 0.25° x 0.25° grid to describe regional
ionospheric variability over China at a finer spatial scale. Figure 2 shows the two-stage processing
workflow used to generate the released GIFT-BDS dataset from raw BeiDou GEO observations. The
Level-1 processing uses raw GEO measurements and auxiliary GNSS products to estimate DCB-
corrected STEC time series and the associated LOS geometry for each receiver-satellite link. The
resulting STEC and geometry records are then used in the Level-2 processing, where regional TEC,
ROTI and TEC-gradient quantities are derived and mapped onto regular grids. Details of the individual
processing steps are given in the following subsections.

Input data and Level-1 processing Level-2 processing
Auxiliary products e e mmm e mm e emmmmmmm e mmm
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Figure 2. Two-stage processing workflow used to generate the GIFT-BDS Level-1 and Level-2 ionospheric products.
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3.1 Level-1 dataset generation

3.1.1 GEO-derived STEC

For each GEO satellite-receiver link, the GEO-derived STEC time series is generated from dual-
frequency carrier-phase observations using the B11/B31I geometry-free combination at a sampling interval
of 30 s. The B1I and B3I signals correspond to carrier frequencies of 1561.098 and 1268.52 MHz,
respectively (Li et al., 2026b). Observations with elevation angles below 20° are excluded to reduce
multipath effects and low-elevation geometry-related errors. The carrier-phase geometry-free

combination can be converted to STEC as:

Ts = W{zf;_ﬁz) [(A4Ly — A;L2) — (AN, — ,N,) + (dy — dy)] 1
where Tg denotes the STEC in TECU (1 TECU = 10'® electrons/m?), L; and L, are the carrier-phase
measurements in cycles at two frequencies f; and f,, respectively, 4; and A, are the corresponding
wavelengths, N; and N, are the integer ambiguities, and d; and d, are the frequency-dependent
hardware delays. The ambiguity-related term remains constant within a continuous carrier-phase arc and
is absorbed into an arc-dependent leveling offset.

Level-1 processing is performed independently for each receiver-satellite link. After applying the
elevation mask, cycle slips and data gaps are detected from the geometry-free phase combination, and
the observations are segmented into continuous arcs. Within each arc, the precise but ambiguous carrier-
phase STEC is aligned with the code-derived STEC by carrier-to-code leveling (CCL; Mannucci et al.,
1998). This procedure removes the arc-dependent ambiguity offset while preserving the high precision
of the carrier-phase observations. The processing system obtains satellite code biases from the daily CAS
BSX bias products provided by the Chinese Academy of Sciences (CAS, Wang et al., 2016, 2026). Level-
1 processing estimates receiver DCBs for the regional stations. This estimation uses dual-frequency code
observations, known satellite code biases, and a GIM background ionospheric constraint (Montenbruck
et al., 2014). Then, Level-1 processing applies the estimated receiver DCBs and the satellite code bias
corrections to the carrier-to-code leveled STEC records. The released Level-1 STEC records are therefore

corrected for both satellite and receiver code biases.
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3.1.2 Quality control

Quality control is implemented at the epoch, arc, and LOS levels. At the epoch and arc levels, elevation
screening, cycle-slip detection, data-gap identification, and continuous-arc segmentation are applied to
define valid carrier-phase arcs for each receiver-satellite link (Kim et al., 2014). Carrier-to-code leveling
and DCB corrections are then applied to these valid arcs to generate absolute STEC time series. To avoid
retaining receiver-satellite links with persistently unstable behavior, the overall stability of each LOS
STEC record is further checked using a detrended STEC residual. The residual is computed using a 5
min moving window (Ma et al., 2022):

STECres(t) = STEC(t) — STECs min(t) ()]
where STECs min(t) denotes the moving-average STEC within the 5 min window centered at epoch t.
The residual series STEC,s(t) is used as a LOS-level stability indicator. A receiver-satellite LOS is
excluded if the mean absolute residual during ionospheric quiet periods (ROTI<0.3 TECU/min) exceeds
0.15 TECU. This criterion is used to remove links with persistently unstable residual behavior, which

may be caused by receiver-related problems or unstable observations. The retained LOS STEC records

are used to form the released Level-1 product and provide the observational basis for the Level-2 products.

3.1.3 Released Level-1 products

The Level-1 products are released as time series for individual receiver-GEO satellite links. Each time
series corresponds to one valid LOS at a 30 s sampling interval and contains the GEO-derived STEC,
the corresponding ROTI, and the associated elevation angle and IPP information. These variables provide
the direct observational basis for the Level-2 gridded products. The main variables released in the Level-

1 products are summarized in Table 3.

Table 3. Summary of Level-1 variables released in the GIFT-BDS dataset.

Variable Description Unit
STEC GEO-derived slant TEC along the receiver-satellite LOS TECU
ROTI Rate of TEC index derived from the STEC time series TECU/min

Elevation angle Satellite elevation angle at the receiver degree
IPP latitude Latitude of the IPP on the ionospheric shell at 400 km degree
IPP longitude Longitude of the IPP on the ionospheric shell at 400 km degree

LOSID Identifier of the receiver-satellite LOS -
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3.2 Level-2 dataset generation

The Level-2 products are generated from the quality-controlled Level-1 STEC products. This product
level includes gridded VTEC, ROTI, temporal TEC gradients at fixed IPPs, and horizontal TEC-gradient
quantities from inter-IPP vectors. The following subsections describe the processing steps used to derive

these variables.
3.2.1 GEO-derived ROTI

The LOS-level ROTI is first computed from the Level-1 STEC series and then mapped onto the Level-
2 grid. The ROTI describes short-term fluctuations in the rate of TEC change (ROT) and characterizes
ionospheric irregularity activity (Li et al., 2026b; Zhang et al., 2025). In GIFT-BDS, ROTI is computed

for each valid receiver-satellite link over a 5 min moving window as (Pi et al., 1997):

. . 2 . 2
Igom = <(II€OT) )‘ (IRlOT) 3
where IRiOTl denotes the ROTI value at IPP i, and (-) denotes averaging over the 5 min window. The
corresponding Igor is defined as:

i AT T(e)-Td(tD) @
ROT ™ At to—t,

where T¢(t;) and T¢(t,) are the STEC values at two epochs, and At = 0.5 min (30 s).
3.2.2 VTEC and temporal derivative estimation at fixed IPPs

STEC at each receiver-satellite link is mapped to VTEC using the elevation-dependent mapping function.
A single-layer ionospheric shell model is adopted with a fixed shell height of 400 km (Klobuchar, 1987;

Zhong et al., 2016a). The mapping function M(J) is written as:

1

ME) = —— )
559

where R, is the Earth's radius, h is the ionospheric shell height, and § is the satellite elevation angle.

The VTEC at IPP i is then obtained as:

i T §
Iy = M(s) + M(s%) ©)
where Tg is the Level-1 STEC, and ﬁ denotes the mapped residual error caused by measurement

noise, multipath, and mapping-function approximation. This residual term affects the absolute VTEC

estimate, but its influence is partly reduced in the differential quantities used for TEC gradient estimation
12
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253 (Jakowski and Hoque, 2019; Li et al., 2014).
254 The temporal derivative of VTEC at IPP i is derived from the STEC rate of change. Because the
255 receiver-GEO LOS geometry varies slowly over short time intervals, the mapping function can be treated
256 as locally stable for the 30 s ROT calculation (Zhong et al., 2016b; Li et al., 2023). The VTEC temporal
257 derivative is therefore approximated as:
258 L ™
259  where Iy is the STEC rate of change defined in Eq. (4).
260 3.2.3 Spatial gradient estimation from inter-1PP vectors
261 Spatial-gradient products are derived from pairs of simultaneous IPP observations. For two IPPs, i and
262 j, an inter-IPP vector is constructed on the ionospheric thin shell. Its magnitude S®7 is the great-circle
263 distance between the two IPPs, and its azimuth angle 8 () is measured clockwise from north. Due to
264 the near-stationary GEO observation geometry, both S&) and &) vary only slowly with time. The
265 TEC spatial gradient along the inter-IPP vector is estimated from the VTEC difference between the two
266  IPPsas:
267 = (e~ wten) 500+ s (o~ o) ®)
268 The magnitude of the spatial TEC gradient along the inter-IPP vector is defined as:
269 v, () = ZZVT(/])) I, 9)
270 and is used as the GIX. The corresponding zonal (x) and meridional (y) components are given by:
271 "T;i'j) e = VT, (¢) sin 6 &) (10)
272 o) le = V.9 (6) cos 6 @) (11)
oy
273  where positive x and y denote the eastward and northward directions, respectively.
274 The spatial variation of the temporal VTEC gradient is derived from the difference in temporal
275 derivatives between the two IPPs:
2.5 (L)) i Jj : ij
216 aazvat = aaig - 60%, ' %Lj)]) (12)
217 =[] e (13
278 The sign convention follows the direction used to define the inter-IPP vector. In practice, each inter-
279 IPP gradient estimate is assigned to the midpoint of the great-circle arc connecting IPPs i and j. This
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midpoint is used as the representative location of the gradient sample in the subsequent gridding

procedure.
3.2.4 Quality control and pair-selection strategy

The uncertainty of the spatial gradient estimates is mainly affected by residual observation errors,
mapping-function approximations, residual bias errors, and local multipath effects. This influence is
amplified for very short inter-IPP distances, whereas excessively long vectors may smooth regional
structures and reduce sensitivity to smaller-scale ionospheric variability. A pair-selection strategy is
therefore applied to balance residual-error control and spatial representativeness.

In the Level-2 processing, only selected inter-IPP pairs are retained. Three constraints are applied.
First, the inter-IPP distance S@/) must exceed 50 km to avoid amplification of residual errors at short
baselines. Second, S/} must be smaller than 1000 km to limit over-smoothing of large-scale structures
and preserve regional sensitivity. Third, the difference in mapping-function values between the two IPPs,

AM = |M(6 N—-M(@H |, must be smaller than 0.2. These criteria are chosen for the BeiDou GEO fixed-

geometry observation configuration and follow the general considerations of Jakowski and Hoque (2019).

The pair selection is applied epoch by epoch. The retained inter-IPP vectors form the basis of the
spatial-gradient products. Because the BeiDou GEO viewing geometry changes only slowly, the valid
pair geometry is generally stable in time, except during data gaps, station outages, and quality-control
exclusions. This temporal stability supports the generation of temporally continuous regional TEC-

gradient products.
3.2.5 Gridding and released Level-2 products

The Level-2 products are released as gridded regional ionospheric products. All Level-2 products have a
temporal resolution of 15 min. The released Level-2 dataset includes the following variables: VTEC,
VTEC, ROTI, GIX, GIXq4, GIXx, GIXy, GIXx, and GIXyy. Their spatial resolutions, units, and source

quantities are summarized in Table 4. The IPP-based variables, including VTEC, ROTI, and the temporal
derivative aaLtV, are mapped onto a 1° x 1° grid. The inter-IPP-based variables, including GIX, GIXj,

GIXy, GIX(x, and GIX¢y, are mapped onto a 0.25° x 0.25° grid. The value in each grid cell is calculated
as the arithmetic mean of all valid samples within that cell.

A grid cell is retained only when at least two valid samples are available. This criterion reduces the
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influence of isolated observations and improves the robustness of the gridded products. In addition, the
within-cell standard deviation of the contributing spatial-gradient samples is calculated as

a(VTy) = {VI)?) = (VI )? (14)
where () denotes the arithmetic mean over all valid samples within the grid cell. This quantity is
released as GIXq and provides an auxiliary measure of the sub-grid variability and internal consistency

of the gradient estimates.

Table 4. Summary of Level-2 gridded variables released in the GIFT-BDS dataset.

Source
Variable Description Grid spacing Unit
quantity
VTEC Vertical total electron content 1°x1° TECU T,
. . oy 10 . Ty
VTEC: Time derivative of VTEC 1°x1 TECU/min a5
ROTI Rate of TEC index 1°x1° TECU/min Irott
Magnit f horizontal TE!
GIX agnitude of horizontal TEC 0.25° x 0.25° 102 TECU/km Ty
spatial gradient
GIXsu Standard deviation of GIX 0.25° x 0.25° 10 TECU/km a(VTy)
GIX, Zonal component of horizontal 0.25° x 0.25° 10° TECU/km aﬂ
TEC spatial gradient 0x
GIX, Meridional component of 0.25° x 0.25° 10° TECU/km v
horizontal TEC spatial gradient dy
Zonal component of the spatial 92T,
GIXex gradient of the TEC temporal 0.25° x 0.25° 103 TECU/min/km 3 (';/t
x
derivative
Meridional component of the 0T
GIXty spatial gradient of the TEC 0.25° % 0.25° 103 TECU/min/km 3 6vt
y

temporal derivative

3.3 Product validation and uncertainty assessment

3.3.1 Level-1 STEC stability assessment

The Level-1 STEC records provide the primary input for the Level-2 VTEC and TEC-gradient products.
Because the Level-2 products are derived mainly from temporal and spatial differences, they are less
sensitive to constant systematic biases and slowly varying residual errors than absolute TEC estimates.
Nevertheless, the short-term stability of the GEO-derived STEC records affects the quality of the Level-
2 gradient products.

Following the Level-1 quality control procedures described in Sect. 3.1.2, the stability of the STEC

records is assessed using the detrended STEC residuals defined in Eq. (2). This metric quantifies the
15
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338
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341

short-term variability of STEC observations and is sensitive to both residual observation noise and
increased ionospheric variability (Ma et al., 2022). Figure 3 shows an example of the Level-1 GIFT-BDS
GEO STEC product, the corresponding ROTI, and the absolute detrended STEC residual. The STEC
record in Fig. 3a shows the temporal evolution of the LOS ionospheric delay after Level-1 processing.
During the disturbed interval, enhanced residuals are accompanied by increased ROTI values, indicating
that the residual increase is related to short-term ionospheric variability. During most of the day, the
absolute detrended residual remains small, indicating stable short-term STEC behavior under relatively

quiet conditions.
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40

STEC (TECU)
5]
o
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w
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Figure 3. Example of the Level-1 GIFT-BDS GEO STEC products and the absolute residual of detrended STEC.
The example corresponds to the BDS GEO satellite CO1 on 21 September 2024. The IPP is located at 23.13°N and

120.92°E. (a) STEC record in the Level-1 product. (b) ROTI derived from the STEC. (c) Absolute residual of
detrended STEC.

Figure 4 shows the daily median RMS of all valid LOS STEC residuals over the full data period,
together with the corresponding interquartile range (IQR) and the daily number of valid IPPs. The RMS
remains below 0.1 TECU for most of the record, with a mean value of about 0.06 TECU. Increased RMS
values occur mainly during the equinox periods, when ionospheric irregularities are more frequent in the

low-latitude region. The daily number of valid IPPs remains relatively stable, typically ranging between
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342 800 and 950. These results demonstrate stable Level-1 STEC availability and short-term precision over
343 most of the data period, while retaining sensitivity to periods of enhanced ionospheric variability. Station
344 maintenance activities and data transmission interruptions may prevent valid GNSS observation files
345 from being received at the data center. As a result, no processable observation files were available for 26
346 of the 531 days covered by the released dataset.
0.15 ] ' '
— (a)
=)
O
L
£ 0.10 - -
i
©
. - L
:“; 0.05 N fA/‘ \A"‘VW
1
=
n
5 0 B
%) Unavailable DOY's 049-055 116
=
& 207 255 306 335-336 | 045-047 071-076 108 187 236 244
\ T T \ T T T \ | | T T
1100 | | | | | | | | | | | |
< (b)
3 950 -
3 /v WA VT W it
& 800 -
o
=
g |
= 550 - -
\ T T \ T T T \ \ T T T
201 240 280 320 366 40 80 120 160 200 240 280 320 365
347 Day of year (DOY)
348 Figure 4. Daily Level-1 STEC stability statistics for the GIFT-BDS dataset over the full period. (a) Daily RMS
349 statistics of detrended line-of-sight STEC residuals. The blue curve denotes the 7-day moving mean of the daily
350 median RMS, and the light-blue shading represents the interquartile range (IQR; 25th—75th percentiles) of the daily
351 RMS values. Gray vertical bars and labels indicate DOY's for which no processable observation files were available.
352 (b) Daily number of valid IPPs used in the Level-1 product generation. The vertical dashed line marks the boundary
353 between 2024 and 2025.
354  3.3.2 System-level consistency of Level-2 products
355 The internal consistency of the Level-2 gradient products depends on the stability of the GEO observation
356 geometry. Although GEO satellites remain nearly stationary relative to the ground, small orbital
357 variations introduce minor changes in IPP geometry, and may affect the derived gradient estimates (Li et
358  al,2023).
359 Figure 5 presents an example of the Level-2 GIFT-BDS products at a representative epoch. The
360  products include all variables listed in Table 4. The quantitative system-level consistency assessment is
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378

based on the relationship between the temporal and spatial derivatives of the TEC field. Specifically, the
spatial variation of the local VTEC temporal change (9(0Ty/dt)/dS) should be compatible with the
temporal variation of the horizontal VTEC gradient (8(dT,,/dS)/dt) under an internally consistent
gridded TEC field. This relationship is expected to hold more clearly when residual errors are low and
the GEO observation geometry is temporally stable. In this case, the spatial variation of the TEC temporal
change and the temporal variation of the TEC spatial gradient provide two complementary descriptions

of the same evolving TEC distribution.

TECU (c) GIX mTECU/km
50 (a) VTEC 150 (b) GIX std 80
45
g40 100 %
S35
8 40
S 30 5
T 25 20
20 q |
| r~ N \
150 A 3 o ) c 0
(d) VTEC, TECU/min  (e) GIX MHGIX, mTECU/km
0.5 50
0.25 25
0 0
0.25 25
05 ~ / S 2 -50
Ecuimin () GIX,, Mex, mTECU/minjkm
0.8 0.35
0.6
0
0.4
0.35
0.2 - K
TG s -
15 - i) 0 S N o I3 07
95 105 115 125 135 95 105 115 125 135 95 105 115 125 135
Longitude (Deg) Longitude (Deg) Longitude (Deg)

Figure 5. Example GIFT-BDS TEC gradient products at 13:40 LT (115°E) on 21 September 2024. All panels display
grid-mean values. Panels b, ¢, e, f, h and i use a 0.25° x 0.25° grid, while panels a, d and g use a 1° x 1° grid. The

positive x and y directions denote eastward and northward, respectively.

Following Li et al. (2025b), the asymmetry of mixed spatiotemporal partial derivatives is used as
an internal consistency metric for the Level-2 products. This metric does not require an external reference
product, and is therefore useful for assessing a GEO-based regional gradient dataset for which

independent gradient observations are not generally available. The asymmetry metric is defined as:

_ gorry 62TV)2 (37-TV _ 67-TV)2
Asymmetry = J(Bt ax  dx dt + ot dy dy ot (1s)

where the terms represent the differences between the two orders of mixed partial derivatives in the zonal

and meridional directions, respectively. For an ideal, smooth TEC distribution on the ionospheric shell,
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396

the asymmetry should be close to zero. In practice, non-zero values may result from residual
measurement noise, small variations in GEO observation geometry, mapping and gridding effects, and
genuine ionospheric spatiotemporal variability. The asymmetry metric is therefore not interpreted as an
absolute error estimate, but as a system-level diagnostic of the internal consistency of the Level-2
gradient products.

Figure 6 summarizes the daily internal consistency statistics of the Level-2 gradient products. The
daily median mixed-partial-derivative asymmetry remains close to 0.06 X 1073 TECU min~* km™? for
most of the record, with no significant long-term trend. The interquartile range is also generally stable
throughout the period, indicating that the combined effects of geometry-related variability, residual
observation errors, and gridding noise on the Level-2 gradient products are limited and temporally
consistent. The long-term behavior of this metric supports the internal-consistency assessment of the

GIFT-BDS Level-2 gridded gradient products.

0.15 | | | | |
0.10 — ~

0.05 —

/\/‘Lj-»\/MM *\W#MW"W
RO A

Mixed partial derivative asymmetry
(10" TECU/min/km)

Unavailable DOY's 049-055 116

207 255 306 335-336 045-047 071-076 108 187 236 244
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Day of year (DOY)

Figure 6. Daily internal-consistency statistics of the GIFT-BDS Level-2 gradient products over the full data period.
The blue curve shows the 7-day moving mean of the daily median mixed-partial-derivative asymmetry, and the blue
shading denotes the interquartile range (IQR; P25-P75). Gray bars and labels mark DOY's without valid observations.

The vertical dashed line indicates the boundary between 2024 and 2025.
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3.4 Comparison with GIM-derived gradient estimates

A qualitative comparison with GIM-derived gradients illustrates the spatial structures resolved by the
GIFT-BDS Level-2 products. Note that the two products have different design objectives and spatial
resolutions. The CAS GIM provides a global ionospheric representation on a relatively coarse grid,
whereas GIFT-BDS is designed to describe regional TEC gradients over China using BeiDou GEO
observations. The comparison is designed as a resolution and morphology check rather than as an
independent accuracy validation.

Figure 7 compares the temporal evolution of VTEC and spatial gradient quantities along the 115°E
meridian between 20°N and 30°N during 5—7 April 2025. Panels (a, c, e, g) show CAS GIM-derived
results, while panels (b, d, f, h) show the corresponding GIFT-BDS products. The CAS GIM has a spatial
resolution of 2.5° in latitude and 5° in longitude, whereas the GIFT-BDS TEC-gradient products are
provided on a 0.25° x 0.25° grid. Both products reproduce the broad diurnal evolution of VTEC over the
selected latitude range, including the daytime enhancement and nighttime decay. The GIM-derived
results are, however, smoother in space and time, as expected from the coarser grid spacing. Their
corresponding gradient structures are weaker and broader, with limited representation of localized
gradient features. In contrast, the GIFT-BDS products show sharper and more localized gradient
enhancements in GIX, together with meridional and zonal gradient structures in GIX, and GIX.. The
difference is especially evident near the low-latitude crest region, where GIFT-BDS captures narrow and
rapidly evolving meridional gradient features that are largely smoothed in the GIM-derived results.

The comparison illustrates the additional regional detail provided by the GIFT-BDS Level-2
gradient products. The higher-resolution GEO-derived results are better suited for describing localized
TEC-gradient structures and their short-term evolution, whereas GIM-derived gradients provide a useful
large-scale background reference. The results therefore support the intended use of GIFT-BDS for
regional ionospheric gradient monitoring and for applications requiring detailed characterization of

ionospheric spatiotemporal variability.
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Figure 7. Latitude-time variations of ionospheric TEC and its spatial gradients along the 115°E meridian from 5 to
7 April 2025. The left panels are derived from the CAS GIM, and the right panels are derived from the GIFT-BDS
dataset. Panels (a, b) show VTEC, panels (c, d) show GIX, panels (e, f) show GIXy, and panels (g, h) show GIXx
over 20°N-30°N. Time is labeled in UT, with the corresponding local time at 115°E shown below. Positive GIXx
and GIXy denote eastward and northward TEC gradient components, respectively. The CAS GIM has a nominal grid
spacing of 5°x2.5°, whereas the GIFT-BDS TEC-gradient products are provided on a 0.25°x0.25° grid.
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4 Example applications

This section provides two examples to illustrate possible uses of the released products. The first example
uses GIX and its directional components to describe event-scale and seasonal TEC gradient structures
associated with daytime Equatorial Ionization Anomaly (EIA) development and nighttime Equatorial
Plasma Bubble (EPB) activity. The second example compares GIFT-BDS-based GIX indicators with PPP

and network RTK (NRTK) positioning performance during disturbed ionospheric conditions.

4.1 Example use for event-scale and seasonal TEC-gradient characterization

EIA development and EPB activity are representative low-latitude ionospheric processes over China
and its surrounding regions. EIA occurs during daytime and is characterized by a trough in electron
density near the magnetic equator and two anomaly crests at low magnetic latitudes. It is formed by the
fountain effect, which lifts plasma upward and redistributes it along geomagnetic field lines (Chen et al.,
2023; Nigussie et al., 2022). EPBs mainly occur at night and appear as depleted plasma density structures
that originate in the equatorial ionosphere and may extend to low latitudes. They are often aligned nearly
north-south and drift zonally, producing pronounced spatial gradients and irregular perturbations (Li et
al., 2021a; Song et al., 2025). Because both phenomena exhibit clear spatial patterns and temporal
evolution, they provide suitable examples for illustrating the use of GIFT-BDS in describing regional
TEC gradient structures.

Figure 8 shows GIX and its directional components for a daytime EIA-related structure and a
nighttime EPB-related structure on 21 September 2024, together with their evolution along selected
meridional and zonal sections. In panel (a), enhanced GIX values appear on both flanks of the daytime
EIA crest at low latitudes, indicating enhanced horizontal TEC gradients associated with the anomaly
structure. Panel (b) shows the corresponding meridional TEC gradient pattern. The near-zero transition
zone marks the approximate crest location, while the opposite signs on the two sides indicate rapid TEC
decay away from the crest. In panel (c), nighttime EPB-related structures appear as narrow, nearly
meridional bands of enhanced GIX. Panel (d) shows the associated zonal TEC gradient component, with
enhanced GIXy values along the edges of the depletion structures. Along 115°E, panel (e) shows the
daytime enhancement of GIX around the EIA crest region, while panel (f) illustrates the associated
meridional gradient pattern through the sign reversal of GIXy and the displacement of the near-zero

transition zone. Along 23.5°N, panel (g) shows the zonal evolution of EPB-related GIXx enhancements
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Open Access

459 in longitude-time space. These examples illustrate how GIFT-BDS can be used to follow regional TEC-
460 gradient structures under daytime and nighttime ionospheric conditions.
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461
462 Figure 8. Example GIFT-BDS TEC gradient products on 21 September 2024. Panels (a, b) show GIX and its

463 meridional component GIXy at 13:40 LT, and panels (c, d) show GIX and its zonal component GIXx at 22:40 LT
464 over the region 15°N-50°N, 95°E—135°E. The dashed line in panels (a, b) marks the 115°E meridian used for the
465 latitude-time sections in panels (e, f), and the dashed line in (d) marks the 23.5°N parallel used for the latitude-time
466 section in panel (g). Panels (e, f) present latitude-time variations of GIX and GIXy along 115°E over 20°N-30°N,
467 and panel (g) presents a longitude-time variation of GIXx along 23.5°N over 105°E—115°E. The vertical dashed lines
468 in (e-g) indicate 13:40 and 22:40 LT, corresponding to the snapshots in (a, b) and (c, d), respectively.
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470 Figure 9 extends the event-scale example to a longer timescale and illustrates the seasonal variability
471 of daytime EIA-related gradient structures. To emphasize the latitudinal organization of the anomaly,
472  GIX and GIX, are first averaged over 100°E-120°E and then averaged within a fixed local time window
473 of 13:40-17:40 LT for each day. This averaging reduces short-term longitudinal variability and provides
474 a consistent daytime view of day-to-day and seasonal changes. In panel (a), enhanced GIX values are
475 mainly around the EIA crest region. The intensity and latitudinal extent of these gradients show clear
476 seasonal modulation, with stronger and broader structures during the equinox seasons and weaker
477 signatures around the June solstice. Panel (b) shows the corresponding latitude-DOY distribution of GIXy,
478  which represents the meridional TEC gradient pattern. Positive values south of the crest region and
479  negative values to the north indicate opposite meridional TEC gradient directions on the two sides of the
480 EIA crest. The near-zero transition region marks the approximate crest location. Together with the event-
481 scale example in Fig. 8, these results illustrate the use of GIFT-BDS for describing TEC-gradient

482  morphology from event to seasonal timescales.
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484 Figure 9. Seasonal variability of daytime GIFT-BDS TEC gradient products from mid-2024 to the end of 2025.

485 Panels (a) and (b) show latitude-DOY variations of longitude-averaged GIX and its meridional component GIXy,

486 respectively, over 18°N-35°N and 100°E-120°E. For each day, the values are first averaged over 100°E—120°E and
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then averaged within the local-time window of 13:40-17:40 LT referenced to 115°E. White gaps indicate days or
latitude bins without valid gridded products. The colored bar below panel (a) indicates the seasonal partition used in

the analysis: SE, September equinox; DS, December solstice; ME, March equinox; JS, June solstice.

4.2 Example use for GNSS positioning-related analysis

GNSS positioning performance can be notably affected by ionospheric disturbances, particularly under
conditions of rapid spatial and temporal variations in electron density. Such effects are typically more
pronounced during disturbed ionospheric periods, when ionospheric irregularities such as EPBs and
sharp TEC gradients occur more frequently. GIX quantifies the magnitude of horizontal TEC spatial
gradients and can therefore be used as a diagnostic variable for comparing regional ionospheric structure
with GNSS positioning performance. Previous studies have reported associations between enhanced GIX
and degraded PPP performance during geomagnetic storms (Fu et al., 2025b; Nykiel et al., 2024). In this
section, GIFT-BDS is used to illustrate how regional TEC gradient products can be compared with PPP
and NRTK positioning metrics.

Figure 10 shows the temporal evolution of TEC gradient activity and PPP/NRTK positioning
performance over 15°N-25°N and 100°E-120°E during a geomagnetically disturbed period. The
ionospheric conditions are characterized using two GIFT-BDS variables: GIX, which quantifies
horizontal TEC spatial gradient intensity, and ROTI, which describes short-term TEC temporal variability.
In this case, enhanced GIX and ROTI structures are observed during the disturbed interval, with an
apparent eastward evolution in panels (d) and (e). Panels (a) and (b) show the horizontal and vertical
RMS of PPP positioning errors for 48 stations in the selected region. In both panels, the station-mean
and P95 RMS values increase during the interval of enhanced TEC gradient activity. Panel (¢) compares
the mean horizontal error of NRTK solutions in Hong Kong with the collocated GIX time series at 23°N,
113°E. The enhanced and rapidly varying GIX values are consistent with the passage of EPB-related
gradient structures over the region. Increased NRTK errors occur during intervals of enhanced GIX,
suggesting that the local TEC gradient activity contributed to the observed positioning degradation. This
example indicates that the GIFT-BDS gradient products provide useful context for interpreting GNSS

positioning performance under disturbed ionospheric conditions.
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Figure 10. Example use of GIFT-BDS for comparing TEC gradient activity with GNSS positioning performance
during a geomagnetically disturbed period. Panels (a) and (b) show the horizontal and vertical RMS of PPP
positioning errors, respectively, computed from 48 stations within 15°N-25°N and 100°E—-120°E. The blue curves
denote the station-mean RMS, the orange curves denote the 95th percentile (P95) of station-wise RMS, and gray
shaded envelopes indicate +1 standard deviation about the mean. Panel (c) shows the mean horizontal error of
network RTK solutions from 12 stations in Hong Kong, with an average baseline length of about 20 km, together
with the collocated GIX time series at 23°N, 113°E. The gray envelope indicates 1 standard deviation across the
RTK stations. Panels (d) and (e) show the latitude-averaged GIX and ROTI, respectively, over 15°N-25°N and
100°E—-120°E. The time axis is labeled in UT, with the corresponding LT at 115°E shown below.

Figure 11 presents a statistical analysis of NRTK horizontal positioning errors and collocated GIX
values over the Hong Kong network. Note that TEC-gradient structures over low-latitude China are
produced by different ionospheric processes, and enhanced GIX values may occur during both daytime
EIA development and nighttime EPB activity. Since daytime EIA conditions are generally associated
with smoother electron density variations and lower ROTI, this analysis is restricted to nighttime

conditions during the equinox-to-solstice interval, when enhanced GIX values are more likely associated
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with EPB-related structures. Panel (a) shows the relationship between the median NRTK horizontal
positioning error and GIX. Large-error samples in the 2—15 m range tend to occur at higher GIX values,
with a correlation coefficient of 0.752 for this subset. In contrast, smaller-error samples below 2 m show
weaker dependence on GIX, indicating that other error sources may contribute substantially under
moderate-error conditions. Panel (b) shows the occurrence probabilities of the two error ranges as a
function of GIX. The probability of large NRTK errors increases with GIX, whereas the moderate-error
range does not show the same monotonic behavior. These results illustrate how GIFT-BDS can be used

to examine statistical associations between regional TEC gradient activity and NRTK positioning

degradation.
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Figure 11. Example use of GIFT-BDS for relating collocated GIX to NRTK horizontal positioning errors in Hong
Kong (23°N, 113°E) during the equinox-to-solstice interval from 10 August to 29 October 2024. The analysis uses
a 12-station network RTK configuration with a mean baseline length of about 20 km. GNSS solutions are computed
at 30 s intervals and summarized at a 15 min sampling cadence. For each 15 min interval, the median horizontal
positioning error across the RTK stations is compared with the collocated GIX value. Panel (a) shows the epoch-
wise median horizontal error as a function of GIX, separated into two error ranges, 0.5-2 m (blue) and 2-15 m
(orange). The solid black line shows a regression fit to the 2—-15 m samples, and the dashed gray line marks the 2 m

threshold used here to indicate severe positioning degradation. Panel (b) shows the occurrence probability of the two

27

Open Access

Earth System
Science

Data

suoIssnasig



https://doi.org/10.5194/essd-2026-532
Preprint. Discussion started: 31 August 2026
(© Author(s) 2026. CC BY 4.0 License.

548
549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

error ranges as a function of GIX, obtained by binning the GIX values. Numbers within the bars denote the

corresponding percentages.

5 Data availability

The GIFT-BDS dataset used in this paper covers the period from 19 July 2024 to 31 December 2025,
corresponding to DOY 201 of 2024 to DOY 365 of 2025. The versioned public release is available at
https://doi.org/10.5281/zenodo.21090695 (Li et al., 2026a). The release contains Level-1 GEO-derived
STEC records, Level-2 gridded TEC and TEC-gradient products, quality-control descriptors, and
associated metadata. Daily updated GIFT-BDS products are available at
https://data.bdsmart.cn/pub/campaign/iono/. These daily products follow the same processing strategy as
the archived release, but should be regarded as operational updates until they are included in a subsequent

versioned release.

6 Conclusion

This paper presents GIFT-BDS, a continuously updated regional ionospheric TEC and GIX dataset over
China. The dataset is generated from a fixed-geometry observation network combining more than 200
ground-based GNSS receivers and five BeiDou GEO satellites. The near-stationary receiver-satellite
geometry provides repeated sampling of nearly fixed ionospheric pierce points and supports the
estimation of regional TEC-gradient quantities. The released products are organized into two levels.
Level-1 provides GEO-derived STEC time series for individual receiver-satellite links, while Level-2
provides gridded TEC, ROTI and GIX products. The TEC gradient products are provided on a 0.25° x
0.25° grid with a temporal resolution of 15 min.

The quality and consistency assessments support the reliability and usability of the released dataset.
The Level-1 STEC records show short-term stability at the sub-TECU level, as assessed from detrended
STEC residuals. The Level-2 gradient products show temporally stable internal consistency under the
BeiDou GEO observation geometry, based on the mixed-partial-derivative asymmetry diagnostic.
Comparison with GIM-derived gradients further illustrates the added regional detail and temporal
continuity provided by GIFT-BDS. The example applications show how the dataset can be used to
describe EIA-related gradient morphology, EPB-related gradient structures, seasonal TEC gradient

variability, and ionospheric conditions relevant to PPP and NRTK performance analyses.
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GIFT-BDS provides a new regional data resource for ionospheric process studies, space-weather
monitoring, and GNSS application analyses over China. The archived release used in this paper is
complemented by daily updated products. Future versions will extend the temporal coverage, improve
product completeness, and further refine the quality-control procedures and metadata information to

support long-term use of the dataset.

Author contributions

NW and JZ contributed to the conceptualization; ZL, JZ, NW, YH, YY, XW and AL were involved in the
methodology; ZL and NW assisted in the formal analysis and investigation; ZL and JZ contributed to
writing—original draft preparation; ZL, JZ, NW, YH, XW, NJ, and MH helped in writing—review and
editing; JZ, NW, YH and XW acquired the funding; NW, JZ, ZsL, YH and XW contributed to the
resources; JZ, NW, YH, AL, XW and ZsL contributed to the supervision. All authors have read and agreed

to the final version of the manuscript.

Competing interests

The contact author has declared that none of the authors has any competing interests.

Acknowledgements

We are grateful to the Chinese Academy of Sciences (CAS, https://data.bdsmart.cn/pub/) and the
International GNSS Service (IGS) for providing GNSS data.

Financial support

This work was supported by the National Natural Science Foundation of China (42374181, 42374186,
42441814), Shandong Key R&D Program (2024CXGC00116) and Jinan Haiyou Leading Talents Of
Industry, Key Innovation Team of China Meteorological Administration 'Space Weather Monitoring and
Alerting' (CMA2024ZDO01), 'lonospheric Forecast and Alerting' Youth Innovation Team

(CMA2024QN09).

References

Abdu, M. A.: Outstanding problems in the equatorial ionosphere—thermosphere electrodynamics relevant
to spread F, Journal of Atmospheric and Solar-Terrestrial Physics, 63, 869-884,
https://doi.org/10.1016/S1364-6826(00)00201-7, 2001.

Astafyeva, E.: Ionospheric Detection of Natural Hazards, Reviews of Geophysics, 57, 1265-1288,

29

Open Access

Earth System
Science

Data

suoIssnoasiq



https://doi.org/10.5194/essd-2026-532
Preprint. Discussion started: 31 August 2026
(© Author(s) 2026. CC BY 4.0 License.

604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

https://doi.org/10.1029/2019RG000668, 2019.

Astafyeva, E., Zakharenkova, 1., and Forster, M.: Ionospheric response to the 2015 St. Patrick’s Day
storm: A global multi-instrumental overview, JGR Space Physics, 120, 9023-9037,
https://doi.org/10.1002/2015JA021629, 2015.

Balan, N., Liu, L. B, and Le, H. J.: A brief review of equatorial ionization anomaly and ionospheric
irregularities, Earth Planet. Phys., 2, 257-275, https://doi.org/10.26464/epp2018025,
2018.Buonsanto, M. J.: Ionospheric Storms — A Review, Space Science Reviews, 88, 563-601,
https://doi.org/10.1023/A:1005107532631, 1999.

Chen, J., Zhong, J., Hao, Y., Wan, X., Li, Q., Tang, Z., Song, X., Han, H., Wang, K., Kuai, J., and Ren,
A.: Horizontal Spatial Correlation of the Ionospheric Day-To-Day Variations at Low Latitudes
Based on GOLD  Nmax Data, Space  Weather, 21, €2023SW003627,
https://doi.org/10.1029/2023SW003627, 2023.

Chen, P., Yao, Y., and Yao, W.: Global ionosphere maps based on GNSS, satellite altimetry, radio
occultation and DORIS, GPS Solut, 21, 639-650, https://doi.org/10.1007/s10291-016-0554-9,
2017.

Chen, Y., Liu, L., Le, H., Wan, W., and Zhang, H.: Equatorial ionization anomaly in the low-latitude
topside ionosphere: Local time evolution and longitudinal difference, JGR Space Physics, 121,
7166-7182, https://doi.org/10.1002/2016JA022394, 2016.

Chen, Y., Aa, E., Yuan, T., Zhang, S., Shen, H., Yue, X., Xu, H., Liu, S., Wang, X., Huang, W., Li, H.,
Luo, B., Zhang, Q., and Wang, C.: The extreme depletion of ionospheric electron density and its
hemispheric asymmetry during the May 2024 storm, National Science Review, 12, nwaf307,
https://doi.org/10.1093/nsr/nwaf307, 2025.

Cherniak, 1., Zakharenkova, 1., Hunt, D., Weiss, J.-P., Braun, J., Vanhove, T., Sleziak-Sallee, M., and
Pedatella, N.: Evaluation of commercial GNSS radio occultation ionosphere and space weather
data products using COSMIC-2, GPS Solut, 29, 106, https://doi.org/10.1007/s10291-025-01874-
0,2025.

Francis, S. H.: A theory of medium-scale traveling ionospheric disturbances, J. Geophys. Res., 79, 5245—
5260, https://doi.org/10.1029/JA0791034p05245, 1974.

Fu, Z., Shen, X., Liu, Q., and Wang, N.: Ionospheric Disturbances from the 2022 Hunga-Tonga Volcanic
Eruption: Impacts on TEC Spatial Gradients and GNSS Positioning Accuracy Across the Japan
Region, Remote Sensing, 17, 3108, https://doi.org/10.3390/rs17173108, 2025a.

Fu, Z., Wang, N., Shen, X., and Li, A.: Temporal and Spatial Analysis of the Impact of the 2015 St.
Patrick’s Day Geomagnetic Storm on Ionospheric TEC Gradients and GNSS Positioning in China
Using GIX and ROTI Indices, Remote Sensing, 17, 2027, https://doi.org/10.3390/rs17122027,
2025b.

Hedin, A. E.. MSIS-86 Thermospheric Model, J. Geophys. Res., 92, 46494662,
https://doi.org/10.1029/JA092iA05p04649, 1987.

Hernandez-Pajares, M., Juan, J. M., Sanz, J., Orus, R., Garcia-Rigo, A., Feltens, J., Komjathy, A., Schaer,
S. C., and Krankowski, A.: The IGS VTEC maps: a reliable source of ionospheric information
since 1998, Journal of Geodesy, 83, 263—-275, https://doi.org/10.1007/s00190-008-0266-1, 2009.

Hu, J., Ruan, H. B, Huang, F. Q., Gu, S. Y., and Dou, X. K.: Assessment of International GNSS Service
Global Ionosphere Map products over China region based on measurements from the Crustal
Movement Observation Network of China, Earth Planet. Phys, 8, 400-407,
https://doi.org/10.26464/epp2024004, 2024.Huang, F., Lei, J., Yue, X., Li, Z., Zhang, N., Cai, Y.,

30

Open Access

Earth System
Science

Data

suoIssnoasiq



https://doi.org/10.5194/essd-2026-532
Preprint. Discussion started: 31 August 2026
(© Author(s) 2026. CC BY 4.0 License.

648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691

Zhang, S., Wang, Y., Zhong, J., and Luan, X.: Interplay of Gravity Waves and Disturbance
Electric Fields to the Abnormal Ionospheric Variations During the 11 May 2024 Superstorm,
AGU Advances, 6, €2024AV001379, https://doi.org/10.1029/2024AV001379, 2025.

Jakowski, N. and Hoque, M. M.: Estimation of Spatial Gradients and Temporal Variations of the Total
Electron Content Using Ground-Based GNSS Measurements, Space Weather, 17, 339-356,
https://doi.org/10.1029/2018SW002119, 2019.

Kenyeres, A. and Bruyninx, C.: EPN coordinate time series monitoring for reference frame maintenance,
GPS Solutions, 8, 200209, https://doi.org/10.1007/s10291-004-0104-8, 2004.

Kim, M., Seo, J., and Lee, J.: A Comprehensive Method for GNSS Data Quality Determination to
Improve Ionospheric Data Analysis, Sensors, 14, 14971-14993,
https://doi.org/10.3390/s140814971, 2014.

Klobuchar, J.: Ionospheric Time-Delay Algorithm for Single-Frequency GPS Users, IEEE Trans. Aerosp.
Electron. Syst., AES-23, 325-331, https://doi.org/10.1109/taes.1987.310829, 1987.

Li, G., Ning, B., Otsuka, Y., Abdu, M. A., Abadi, P.,, Liu, Z., Spogli, L., and Wan, W.: Challenges to
Equatorial Plasma Bubble and Ionospheric Scintillation Short-Term Forecasting and Future
Aspects in East and Southeast Asia, Surv Geophys, 42, 201-238, https://doi.org/10.1007/s10712-
020-09613-5, 2021a.

Li, R., Lei, J., Huang, F., Liu, F., Zhang, S., Chen, X., Luan, X., Yang, Z., Dang, T., and Dou, X.:
Ionospheric Lamb Waves With Conical Phase Fronts Following the 2022 Tonga Eruption
Unveiled by BeiDou GEO Observations, Geophysical Research Letters, 52, €2025GL114976,
https://doi.org/10.1029/2025GL 114976, 2025a.

Li, Z., Yuan, Y., Fan, L., Huo, X., and Hsu, H.: Determination of the Differential Code Bias for Current
BDS Satellites, IEEE  Trans.  Geosci. Remote  Sensing, 52, 3968-3979,
https://doi.org/10.1109/TGRS.2013.2278545, 2014.

Li, Z., Wang, N., Liu, A., Yuan, Y., Wang, L., Herndndez-Pajares, M., Krankowski, A., and Yuan, H.:
Status of CAS global ionospheric maps after the maximum of solar cycle 24, Satell Navig, 2, 19,
https://doi.org/10.1186/543020-021-00050-2, 2021b.

Li, Z., Zhong, J., Hao, Y., Zhang, M., Niu, J., Wan, X., Huang, F., Han, H., Song, X., and Chen, J.:
Assessment of the orbital variations of GNSS GEO and IGSO satellites for monitoring
ionospheric TEC, GPS Solut, 27, 62, https://doi.org/10.1007/s10291-023-01403-x, 2023.

Li, Z., Zhong, J., Wang, N., Hao, Y., Wan, X., Jakowski, N., Hoque, M. M., Liu, A., Li, Z., Liu, R., and
Nykiel, G.: Ionospheric gradient estimation using ground-based GEO observations for
monitoring multi-scale ionospheric dynamics, Satell Navig, 6, 30,
https://doi.org/10.1186/543020-025-00187-4, 2025b.

Li, Z., Wang, N., and Zhong, J.: GIFT-BDS: A high-resolution TEC and Gradient Ionospheric Index
dataset over China derived from BeiDou GEO fixed-geometry observations, Zenodo [data set],
https://doi.org/10.5281/zenodo.21090695, 2026a.

Li, Z., Zhong, J., Wang, N., Hao, Y., Wan, X., and Zhao, J.: Performance of GNSS dual-frequency
combinations in estimating TEC based on ROTI, GPS Solut, 30, 25,
https://doi.org/10.1007/s10291-025-01987-6, 2026b.

Liu, B., Liu, L., Liu, A., Yang, Y., Zhao, X., Li, Z., Yue, X., Liu, J., Le, H., Chen, Y., Zhang, R., and Li,
W.: Study of regional ionospheric structures and their impacts on SPP and PPP with multi-
instrument observations in the Asian sector, Satell Navig, 7, 5, https://doi.org/10.1186/s43020-
026-00191-2, 2026.

31

Open Access

Earth System
Science

Data

suoIssnoasiq



https://doi.org/10.5194/essd-2026-532
Preprint. Discussion started: 31 August 2026
(© Author(s) 2026. CC BY 4.0 License.

692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735

Liu, Q., Hernandez-Pajares, M., Yang, H., Monte-Moreno, E., Roma-Dollase, D., Garcia-Rigo, A., Li,
Z., Wang, N., Laurichesse, D., Blot, A., Zhao, Q., Zhang, Q., Hauschild, A., Agrotis, L., Schmitz,
M., Wiibbena, G., Stiirze, A., Krankowski, A., Schaer, S., Feltens, J., Komjathy, A., and
Ghoddousi-Fard, R.: The cooperative IGS RT-GIMs: a reliable estimation of the global
ionospheric electron content distribution in real time, Earth Syst. Sci. Data, 13, 45674582,
https://doi.org/10.5194/essd-13-4567-2021, 2021.

Ma, G., Fan, J., Wan, Q., and Li, J.: Error Characteristics of GNSS Derived TEC, Atmosphere, 13, 237,
https://doi.org/10.3390/atmos 13020237, 2022.

Mannucci, A. J., Wilson, B. D., Yuan, D. N., Ho, C. H., Lindqwister, U. J., and Runge, T. F.: A global
mapping technique for GPS-derived ionospheric total electron content measurements, Radio
Science, 33, 565-582, https://doi.org/10.1029/97RS02707, 1998.

Montenbruck, O., Hauschild, A., and Steigenberger, P.: Differential code bias estimation using multi-
GNSS  observations and global ionosphere maps, Navigation, 61, 191-201,
https://doi.org/10.1002/navi.64, 2014.

Nigussie, M., Jakowski, N., and Hoque, M.: Characterization and Climatological Modeling of Equatorial
Ionization Anomaly (EIA) Crest Position, JGR Space Physics, 127, e2022JA030798,
https://doi.org/10.1029/2022JA030798, 2022.

Nykiel, G., Cahuasqui, J. A., Hoque, M. M., and Jakowski, N.: Relationship between GIX, SIDX, and
ROTI ionospheric indices and GNSS precise positioning results under geomagnetic storms, GPS
Solut, 28, 69, https://doi.org/10.1007/s10291-023-01611-5, 2024.

Pi, X., Mannucci, A. J., Lindqwister, U. J., and Ho, C. M.: Monitoring of global ionospheric irregularities
using the Worldwide GPS Network, Geophys. Res. Lett., 24, 2283-2286,
https://doi.org/10.1029/97GL02273, 1997.

Rao, H., Chen, C., Meng, G., Liu, J., Sun, Y., Lin, K., Gao, Y., Rapoport, Y., Wang, F., Yisimayili, A.,
and Zhang, S.: Relationship Between TEC Perturbations and Rayleigh Waves Associated With
2023 Turkey Earthquake Doublet, JGR Space Physics, 130, ¢2024JA033267,
https://doi.org/10.1029/2024JA033267, 2025.

Savastano, G., Komjathy, A., Shume, E., Vergados, P., Ravanelli, M., Verkhoglyadova, O., Meng, X.,
and Crespi, M.: Advantages of Geostationary Satellites for Ionospheric Anomaly Studies:
Ionospheric Plasma Depletion Following a Rocket Launch, Remote Sensing, 11, 1734,
https://doi.org/10.3390/rs11141734, 2019.

Sheng, Z., He, Y., Wang, S., Chang, S., Leng, H., Wang, J., Zhang, J., Wang, Y., Zhang, H., Sui, H., Song,
Y., Wu, G, Guo, S., Chai, J., Feng, W., and Song, J.: Dynamics, chemistry, and modeling studies
in the aviation and aerospace transition zone, The Innovation, 6, 101012,
https://doi.org/10.1016/j.xinn.2025.101012, 2025.

Snay, R. A. and Soler, T.: Continuously Operating Reference Station (CORS): History, Applications, and
Future Enhancements, J. Surv. Eng., 134, 95-104, https://doi.org/10.1061/(ASCE)0733-
9453(2008)134:4(95), 2008.

Song, X., Zhong, J., Hao, Y., Bai, T., Wan, X., Huang, F., Li, Q., Zhao, J., Han, H., Chen, J., and Lei, J.:
Transition from westward to eastward tilts of equatorial plasma bubbles observed by an all-sky
airglow imager, J. Space Weather Space Clim., 15, 38, https://doi.org/10.1051/swsc/2025032,
2025.

Takamatsu, N., Muramatsu, H., Abe, S., Hatanaka, Y., Furuya, T., Kakiage, Y., Ohashi, K., Kato, C.,
Ohno, K., and Kawamoto, S.: New GEONET analysis strategy at GSI: daily coordinates of over

32

Open Access

Earth System
Science

Data

suoIssnoasiq



https://doi.org/10.5194/essd-2026-532
Preprint. Discussion started: 31 August 2026
(© Author(s) 2026. CC BY 4.0 License.

736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776

7

1300 GNSS CORS in Japan throughout the last quarter century, Earth Planets Space, 75, 49,
https://doi.org/10.1186/s40623-023-01787-7, 2023.

Wang, B., Zhou, J., Wang, B., Cong, D., and Zhang, H.: Influence of the GEO satellite orbit error
fluctuation correction on the BDS WADS =zone correction, Satell. Navig.,, 1, 18,
https://doi.org/10.1186/s43020-020-00020-0, 2020.

Wang, N., Yuan, Y., Li, Z., Montenbruck, O., and Tan, B.: Determination of differential code biases with
multi-GNSS observations, J Geod, 90, 209-228, https://doi.org/10.1007/s00190-015-0867-4,
2016.

Wang, N., Li, Y., Li, Z., Liu, A., and Liu, B.: Determination of multi-GNSS differential code biases with
satellite antenna phase center corrections, GPS Solut, 30, 22, https://doi.org/10.1007/s10291-025-
01983-w, 2026.

Woodgate, P., Coppa, L., Choy, S., Phinn, S., Arnold, L., and Duckham, M.: The Australian approach to
geospatial capabilities; positioning, earth observation, infrastructure and analytics: issues, trends
and perspectives, Geo-spatial Information Science, 20, 109-125,
https://doi.org/10.1080/10095020.2017.1325612, 2017.

Yang, Y., Liu, L., Li, J,, Yang, Y., Zhang, T., Mao, Y., Sun, B., and Ren, X.: Featured services and
performance of BDS-3, Science Bulletin, 66, 2135-2143,
https://doi.org/10.1016/j.scib.2021.06.013, 2021.

Yuan, Y., Wang, N., Li, Z., and Huo, X.: The BeiDou global broadcast ionospheric delay correction model
(BDGIM) and its preliminary performance evaluation results, NAVIGATION, 66, 55-69,
https://doi.org/10.1002/navi.292, 2019.

Zhai, C., Zhang, S., Yao, Y., Dong, W., Aa, E., Kong, J., Yue, D., Chen, Y., Peng, W., and Yu, T.: Three-
Dimensional Characterization of Global Ionospheric Disturbances During the 15 January 2022
Tonga Volcanic Eruption, Geophysical Research Letters, 52, ¢2024GL113129,
https://doi.org/10.1029/2024GL 113129, 2025.

Zhang, R., Liu, L., Yang, Y., Li, W., Zhao, X., Yoshikawa, A., Tariq, M. A., Chen, Y., and Le, H.:
Ionosphere Responses Over Asian-Australian and American Sectors to the 10—-12 May 2024
Superstorm, JGR Space Physics, 129, €2024JA033071, https://doi.org/10.1029/2024JA033071,
2024.

Zhang, Z., Wang, N., Liu, A., Li, Z., Li, A., Wang, L., and Zhang, Y.: Assessing 1-Second ROTI for
Ionospheric Perturbation Monitoring Using Real-Time Multi-GNSS Data in China, Space
Weather, 23, ¢2024SW004187, https://doi.org/10.1029/2024SW004187, 2025.

Zhong, J., Lei, J., Dou, X., and Yue, X.: Assessment of vertical TEC mapping functions for space-based

GNSS observations, GPS Solut, 20, 353-362, https://doi.org/10.1007/s10291-015-0444-6, 2016a.

Zhong, J., Lei, J., Dou, X., and Yue, X.: Is the long-term variation of the estimated GPS differential code
biases associated with  ionospheric  variability?, GPS  Solut, 20, 313-319,
https://doi.org/10.1007/s10291-015-0437-5, 2016b.

Zhong, J., Han, H., Hao, Y., Wan, X., Huang, F., Li, Q., Song, X., Chen, J., and Lei, J.: Accurate
Estimation of Height and Zonal Drift Velocity of lonospheric Irregularities Using Two Pairs of
Receivers and BeiDou Geostationary Satellites, IEEE Trans. Geosci. Remote Sensing, 61, 1-10,
https://doi.org/10.1109/TGRS.2023.3326441, 2023.

33

Open Access

Earth System
Science

Data

suoIssnoasiq



