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Abstract. High-resolution ionospheric total electron content (TEC) gradient observations are well-suited 12 

for characterizing ionospheric spatial structure and for assessing ionospheric effects on Global 13 

Navigation Satellite System (GNSS) positioning applications. Existing global ionospheric products 14 

provide valuable information on large-scale ionospheric conditions, but their spatial and temporal 15 

sampling is generally not sufficient to resolve fine-scale TEC gradient structures over China. We present 16 

GIFT-BDS (Gradient Ionospheric index from Fixed-geometry TEC observations using BDS GEO 17 

satellites), a high-resolution regional ionospheric dataset derived from a dense ground-based GNSS 18 

network and BeiDou geostationary Earth orbit (GEO) fixed-geometry observations. The network consists 19 

of more than 200 ground-based GNSS receivers and five BeiDou GEO satellites, providing stable 20 

receiver-satellite geometries and repeated sampling of nearly fixed ionospheric pierce points. The 21 

released dataset contains two product levels. Level-1 provides 30 s GEO-derived slant TEC (STEC) time 22 

series for individual receiver-satellite links. Level-2 provides gridded vertical TEC (VTEC), rate of TEC 23 

index (ROTI), Gradient Ionospheric Index (GIX), and directional TEC gradient components. The TEC-24 

gradient products are provided on a 0.25° × 0.25° grid with a temporal resolution of 15 min. The dataset 25 

is assessed using STEC stability statistics, internal consistency diagnostics, and comparison with Global 26 

Ionospheric Map (GIM) derived gradients. Selected examples illustrate the use of GIFT-BDS for studies 27 

of daytime Equatorial Ionization Anomaly (EIA) morphology, nighttime Equatorial Plasma Bubble (EPB) 28 

evolution, and ionospheric effects on Precise Point Positioning (PPP) and Real-Time Kinematic (RTK) 29 

positioning performance. The dataset is available at https://doi.org/10.5281/zenodo.21090695 (Li et al., 30 
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2026a), with daily updates provided at https://data.bdsmart.cn/pub/campaign/iono/. GIFT-BDS extends 31 

the currently available ionospheric data resources over China by providing continuous high-resolution 32 

observations of TEC and TEC gradients, enabling investigations of ionospheric dynamics, space-weather 33 

effects, and GNSS positioning error characterization. 34 

  35 
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1 Introduction 36 

High-resolution ionospheric observations are required to describe regional electron-density structures 37 

and to assess their impact on trans-ionospheric radio signals. The ionosphere affects Global Navigation 38 

Satellite System (GNSS) signals through propagation delay caused by spatially variable total electron 39 

content (TEC), making it one of the main error sources for positioning, navigation and timing (PNT) 40 

applications. Beyond its practical relevance for GNSS, ionospheric variability provides information on 41 

geospace processes driven by solar-terrestrial forcing, geomagnetic activity, and neutral-atmosphere 42 

dynamics (Buonsanto, 1999; Francis, 1974; Hedin, 1987; Sheng et al., 2025). Spatially dense and 43 

temporally continuous regional observations are therefore needed to characterize ionospheric structures 44 

and associated TEC gradients, particularly in regions where low- and mid-latitude processes coexist. 45 

The Chinese sector spans low- and mid-latitude ionospheric regions and exhibits variability over a 46 

wide range of spatial and temporal scales. Daytime Equatorial Ionization Anomaly (EIA) development 47 

and nighttime Equatorial Plasma Bubble (EPB) activity are two representative manifestations of low-48 

latitude ionospheric variability in this sector (Balan et al., 2018; Li et al., 2021a). These phenomena 49 

reflect both the background electrodynamic evolution of the low-latitude ionosphere and the 50 

development of plasma instabilities, with clear local-time, seasonal and regional dependences (Abdu, 51 

2001; Chen et al., 2016; Li et al., 2021a). Geomagnetic storms may further produce strong regional 52 

responses through the coupled effects of solar-wind forcing, geomagnetic activity, and thermosphere–53 

ionosphere dynamics (Chen et al., 2025; Zhang et al., 2024). Atmospheric waves generated by 54 

earthquakes and volcanic eruptions can also disturb the ionosphere over broad areas (Astafyeva, 2019; 55 

Li et al., 2025a; Zhai et al., 2025). Resolving these structures and their associated TEC gradients requires 56 

observations with sufficient spatial sampling and temporal continuity, which are also relevant for 57 

assessing ionospheric effects on GNSS-based applications over China (Yang et al., 2021; Yuan et al., 58 

2019). 59 

GNSS observations provide continuous measurements of path-integrated electron density along 60 

satellite-receiver lines of sight, and ground-based receiver networks have become an important basis for 61 

ionospheric monitoring. Global Ionospheric Maps (GIMs) are among the most widely used public GNSS-62 

based ionospheric products and provide valuable information on large-scale ionospheric background 63 

conditions and storm-time responses at global and continental scales (Astafyeva et al., 2015; Chen et al., 64 
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2017; Cherniak et al., 2025; Li et al., 2021b). Their spatial and temporal sampling, however, is often not 65 

adequate for resolving fine-scale regional TEC gradient structures (Hu et al., 2024; Liu et al., 2026; 66 

Savastano et al., 2019). High-resolution regional products therefore require dense and continuously 67 

operated GNSS receiver networks. At the global scale, the International GNSS Service (IGS) provides a 68 

widely used network of permanent GNSS stations and openly available ionospheric products 69 

(Hernández-Pajares et al., 2009; Liu et al., 2021). At the regional scale, dense GNSS infrastructures, 70 

including NOAA CORS, GEONET, EUREF, and Australian GNSS networks, provide important 71 

observational bases for regional ionospheric monitoring (Kenyeres and Bruyninx, 2004; Snay and Soler, 72 

2008; Takamatsu et al., 2023; Woodgate et al., 2017). For the China region, GIFT-BDS uses a dedicated 73 

ground-based GNSS receiver network comprising more than 200 stations and fixed-geometry 74 

observations from BeiDou geostationary Earth orbit (GEO) satellites. In contrast to conventional medium 75 

Earth orbit (MEO) GNSS observations, which involve moving line-of-sight (LOS) geometry, BeiDou 76 

GEO observations provide nearly fixed receiver-satellite geometry over China. This property enables 77 

repeated sampling of nearly fixed ionospheric pierce points and supports temporally consistent regional 78 

TEC gradient estimation (Li et al., 2023; Wang et al., 2020). 79 

The GIFT-BDS dataset is based on a fixed-geometry ionospheric observation network comprising 80 

ground-based GNSS receivers and BeiDou GEO satellites. The near-stationary GEO geometry provides 81 

continuous observations over nearly fixed ionospheric pierce points (IPPs), while pairs of IPPs define 82 

geometry-invariant inter-IPP vectors on the ionospheric shell (Li et al., 2025b). Each inter-IPP vector is 83 

used as a sensing element for estimating VTEC differences mapped to the ionospheric shell over a known 84 

distance. This configuration increases the spatial sampling density and redundancy of regional gradient 85 

observations without relying on moving IPP tracks (Jakowski and Hoque, 2019). Spatial TEC gradients 86 

are derived from the network of inter-IPP vectors, whereas temporal TEC variations are estimated from 87 

the time series at nearly fixed IPPs. The same observation geometry therefore supports the generation of 88 

both Level-1 GEO-derived slant TEC (STEC) records and Level-2 gridded regional TEC-gradient 89 

products. 90 

GEO-derived STEC records and TEC-gradient products are useful for studies of multi-scale 91 

ionospheric variability and for analyses of ionospheric effects on GNSS positioning. The nearly fixed 92 

LOS geometry supports time-continuous comparisons at nearly fixed IPPs and reduces sampling 93 
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differences caused by moving satellite geometry. GEO-based observations have been used, for example, 94 

to detect traveling ionospheric disturbances (TIDs) and to estimate the altitude and zonal drift velocity 95 

of ionospheric irregularities (Huang et al., 2025; Rao et al., 2025; Zhong et al., 2023). TEC gradients 96 

describe horizontal spatial changes in TEC and provide diagnostics of regional ionospheric structure. 97 

The Gradient Ionospheric Index (GIX), derived from TEC spatial gradients, is included in the dataset as 98 

a quantitative indicator of gradient intensity (Jakowski and Hoque, 2019; Nykiel et al., 2024). Such 99 

gradient information can support studies of Equatorial Ionization Anomaly (EIA) evolution, Equatorial 100 

Plasma Bubble (EPB) development, and Large-scale Traveling Ionospheric Disturbances (LSTIDs) 101 

propagation (Fu et al., 2025a; Li et al., 2025b), as well as the analysis of Precise Point Positioning (PPP) 102 

and Real-Time Kinematic (RTK) performance under disturbed ionospheric conditions (Fu et al., 2025a; 103 

Nykiel et al., 2024). These applications motivate the release of a documented and reusable regional 104 

dataset rather than isolated event-based products. 105 

This paper describes GIFT-BDS (Gradient Ionospheric Index from Fixed-geometry TEC 106 

observations using BeiDou GEO satellites), a high-resolution regional ionospheric TEC and Gradient 107 

Ionospheric Index dataset over China. The focus is on dataset construction, product definition, quality 108 

control, technical assessment, and example uses. The following sections first describe the ground and 109 

space segments of the fixed-geometry observation network. We then present the processing workflow, 110 

including GEO-derived STEC generation, TEC gradient estimation, grid mapping, and product 111 

standardization. The dataset is assessed using STEC stability statistics, internal consistency diagnostics 112 

of the gradient products, and comparison with GIM-derived gradients. Selected examples illustrate 113 

representative uses of the dataset for ionospheric process studies and GNSS positioning-related analyses. 114 

Finally, data access, usage information, and the daily update procedure are provided.  115 
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2 Observation network 116 

The GIFT-BDS dataset is generated from a fixed-geometry ionospheric observation network that 117 

combines a dense ground-based GNSS receiver network with BeiDou GEO satellites. The ground 118 

segment provides continuous multi-GNSS measurements over China, whereas the GEO satellites provide 119 

near-stationary receiver-satellite viewing geometries and repeated sampling of nearly fixed ionospheric 120 

pierce points. 121 

2.1 China real-time multi-GNSS station network 122 

The ground segment of GIFT-BDS is the China real-time multi-GNSS station network, which comprises 123 

more than 200 continuously operating GNSS stations over China. Each station is equipped with a 124 

Septentrio PolaRx5 receiver supporting GPS, GLONASS, Galileo, and BeiDou observations. The 125 

stations provide 1 Hz RTCM real-time data streams and 30 s RINEX observation files to the data center. 126 

The station network was completed in mid-2024 and has been continuously operated since then. Figure 127 

1 shows the geographical distribution of the receivers within the study region of 15°N–50°N and 95°E–128 

135°E. The stations are mainly distributed over the low- and mid-latitude regions of China, with 129 

relatively dense and homogeneous coverage south of 35°N. In this southern part of the network, the 130 

median nearest-station spacing is approximately 100 km, as shown in Fig. 1b. 131 

 132 

Figure 1. Ground segment of the GIFT-BDS observation network. (a) Geographical distribution of the China real-133 
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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 134 

spacing within 1° latitude bins south of 35°N. The horizontal dashed line in (a) denotes 35°N. 135 

2.2 BeiDou GEO satellites 136 

The space segment of the GIFT-BDS observation network consists of five GEO satellites from the 137 

BeiDou Navigation Satellite System (BDS). Table 1 lists the PRN identifier, satellite name, nominal 138 

longitude, launch date, and orbital inclination of each BeiDou GEO satellite used in the processing. The 139 

five GEO satellites are located at different longitudes and therefore provide multiple fixed-viewing 140 

geometries over the China region. Unlike MEO GNSS satellites, BeiDou GEO satellites provide near-141 

stationary receiver-satellite geometry. Each valid receiver-GEO link defines a line of sight and an 142 

associated IPP on the assumed ionospheric shell. These IPPs vary only slowly with time, enabling 143 

repeated sampling of nearly the same ionospheric regions. 144 

Table 1. BeiDou GEO satellites used in the space segment of the GIFT-BDS observation network. 145 

PRN Satellite Longitude Launch Date Inclination (°) 

C01 BDS2 GEO8 144.5°E 2019-05-17 0.4001 

C02 BDS2 GEO6 84.0°E 2012-10-25 1.4764 

C03 BDS2 GEO7 110.5°E 2016-06-12 1.5196 

C04 BDS2 GEO4 160.0°E 2010-10-31 0.8047 

C05 BDS2 GEO5 59.0°E 2012-02-24 1.8963 

2.3 Input data and auxiliary products   146 

Based on the observation network described in Sects. 2.1 and 2.2, the GIFT-BDS dataset generation uses 147 

archived station observation files together with several auxiliary products. The daily RINEX observation 148 

files provide the primary ground-based input. These files are archived at an internal data center with a 149 

sampling interval of 30 s. The station coordinate file provides receiver positions for geometric 150 

calculations. Broadcast ephemerides supply satellite orbit information for the BeiDou GEO satellites. 151 

Satellite code bias products are used for satellite DCB corrections, and IONEX products provide a global 152 

ionospheric background used in receiver bias estimation. The detailed processing steps are described in 153 

Sect. 3. The combined information is summarized in Table 2. 154 

 155 

 156 
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 157 

Table 2. Essential input data and auxiliary products used for GIFT-BDS dataset generation. 158 

Data Institution URL 

Daily RINEX observation 

files 

China real-time 

multi-GNSS station 

network 

– 

Station coordinate file 
Network coordinate 

solution 
– 

Multi-GNSS broadcast 

ephemeris 
IGS 

ftp://igs.ign.fr/pub/igs/data/yyyy/ddd/BRDC00IGS_R_y

yyyddd0000_01D_MN.rnx.gz 

Satellite code bias product CAS 
https://data.bdsmart.cn/pub/product/bias/yyyy/CAS0MG

XRAP_yyyyddd0000_01D_01D_DCB.BSX.gz 

IONEX product UPC 
https://data.bdsmart.cn/pub/product/iono/ionex/yyyy/dd

d/uqrgddd0.yyi.Z 

  159 
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3 Data processing and product generation 160 

The GIFT-BDS dataset is organized into two product levels. Level-1 contains 30 s GEO-derived STEC 161 

time series for individual receiver-satellite links, together with Rate Of TEC Index (ROTI), LOS 162 

geometry and IPP information. These observation-level records form the basis for the higher-level 163 

gridded products. Level-2 provides gridded VTEC, ROTI and TEC-gradient variables derived from 164 

Level-1 products. The spatial gradient fields are provided on a 0.25° × 0.25° grid to describe regional 165 

ionospheric variability over China at a finer spatial scale. Figure 2 shows the two-stage processing 166 

workflow used to generate the released GIFT-BDS dataset from raw BeiDou GEO observations. The 167 

Level-1 processing uses raw GEO measurements and auxiliary GNSS products to estimate DCB-168 

corrected STEC time series and the associated LOS geometry for each receiver-satellite link. The 169 

resulting STEC and geometry records are then used in the Level-2 processing, where regional TEC, 170 

ROTI and TEC-gradient quantities are derived and mapped onto regular grids. Details of the individual 171 

processing steps are given in the following subsections. 172 

 173 

Figure 2. Two-stage processing workflow used to generate the GIFT-BDS Level-1 and Level-2 ionospheric products. 174 
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3.1 Level-1 dataset generation 176 

3.1.1 GEO-derived STEC 177 

For each GEO satellite-receiver link, the GEO-derived STEC time series is generated from dual-178 

frequency carrier-phase observations using the B1I/B3I geometry-free combination at a sampling interval 179 

of 30 s. The B1I and B3I signals correspond to carrier frequencies of 1561.098 and 1268.52 MHz, 180 

respectively (Li et al., 2026b). Observations with elevation angles below 20° are excluded to reduce 181 

multipath effects and low-elevation geometry-related errors. The carrier-phase geometry-free 182 

combination can be converted to STEC as: 183 

 𝑇S =
𝑓1

2𝑓2
2

40.3×1016(𝑓1
2−𝑓2

2)
[(𝜆1𝐿1 − 𝜆2𝐿2) − (𝜆1𝑁1 − 𝜆2𝑁2) + (𝑑1 − 𝑑2)] (1) 184 

where 𝑇S denotes the STEC in TECU (1 TECU = 1016 electrons/m2), 𝐿1 and 𝐿2 are the carrier-phase 185 

measurements in cycles at two frequencies 𝑓1 and 𝑓2, respectively, 𝜆1 and 𝜆2 are the corresponding 186 

wavelengths, 𝑁1  and 𝑁2 are the integer ambiguities, and 𝑑1  and 𝑑2  are the frequency-dependent 187 

hardware delays. The ambiguity-related term remains constant within a continuous carrier-phase arc and 188 

is absorbed into an arc-dependent leveling offset. 189 

Level-1 processing is performed independently for each receiver-satellite link. After applying the 190 

elevation mask, cycle slips and data gaps are detected from the geometry-free phase combination, and 191 

the observations are segmented into continuous arcs. Within each arc, the precise but ambiguous carrier-192 

phase STEC is aligned with the code-derived STEC by carrier-to-code leveling (CCL; Mannucci et al., 193 

1998). This procedure removes the arc-dependent ambiguity offset while preserving the high precision 194 

of the carrier-phase observations. The processing system obtains satellite code biases from the daily CAS 195 

BSX bias products provided by the Chinese Academy of Sciences (CAS, Wang et al., 2016, 2026). Level-196 

1 processing estimates receiver DCBs for the regional stations. This estimation uses dual-frequency code 197 

observations, known satellite code biases, and a GIM background ionospheric constraint (Montenbruck 198 

et al., 2014). Then, Level-1 processing applies the estimated receiver DCBs and the satellite code bias 199 

corrections to the carrier-to-code leveled STEC records. The released Level-1 STEC records are therefore 200 

corrected for both satellite and receiver code biases. 201 

 202 

 203 
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3.1.2 Quality control 204 

Quality control is implemented at the epoch, arc, and LOS levels. At the epoch and arc levels, elevation 205 

screening, cycle-slip detection, data-gap identification, and continuous-arc segmentation are applied to 206 

define valid carrier-phase arcs for each receiver-satellite link (Kim et al., 2014). Carrier-to-code leveling 207 

and DCB corrections are then applied to these valid arcs to generate absolute STEC time series. To avoid 208 

retaining receiver-satellite links with persistently unstable behavior, the overall stability of each LOS 209 

STEC record is further checked using a detrended STEC residual. The residual is computed using a 5 210 

min moving window (Ma et al., 2022): 211 

 𝑆𝑇𝐸𝐶res(𝑡) = 𝑆𝑇𝐸𝐶(𝑡) − 𝑆𝑇𝐸𝐶̅̅ ̅̅ ̅̅ ̅
5 min(𝑡) (2) 212 

where 𝑆𝑇𝐸𝐶̅̅ ̅̅ ̅̅ ̅
5 min(𝑡) denotes the moving-average STEC within the 5 min window centered at epoch 𝑡. 213 

The residual series 𝑆𝑇𝐸𝐶res(𝑡) is used as a LOS-level stability indicator. A receiver-satellite LOS is 214 

excluded if the mean absolute residual during ionospheric quiet periods (ROTI<0.3 TECU/min) exceeds 215 

0.15 TECU. This criterion is used to remove links with persistently unstable residual behavior, which 216 

may be caused by receiver-related problems or unstable observations. The retained LOS STEC records 217 

are used to form the released Level-1 product and provide the observational basis for the Level-2 products. 218 

3.1.3 Released Level-1 products 219 

The Level-1 products are released as time series for individual receiver-GEO satellite links. Each time 220 

series corresponds to one valid LOS at a 30 s sampling interval and contains the GEO-derived STEC, 221 

the corresponding ROTI, and the associated elevation angle and IPP information. These variables provide 222 

the direct observational basis for the Level-2 gridded products. The main variables released in the Level-223 

1 products are summarized in Table 3. 224 

Table 3. Summary of Level-1 variables released in the GIFT-BDS dataset. 225 

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 

LOS ID Identifier of the receiver-satellite LOS – 

 226 
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3.2 Level-2 dataset generation 227 

The Level-2 products are generated from the quality-controlled Level-1 STEC products. This product 228 

level includes gridded VTEC, ROTI, temporal TEC gradients at fixed IPPs, and horizontal TEC-gradient 229 

quantities from inter-IPP vectors. The following subsections describe the processing steps used to derive 230 

these variables. 231 

3.2.1 GEO-derived ROTI 232 

The LOS-level ROTI is first computed from the Level-1 STEC series and then mapped onto the Level-233 

2 grid. The ROTI describes short-term fluctuations in the rate of TEC change (ROT) and characterizes 234 

ionospheric irregularity activity (Li et al., 2026b; Zhang et al., 2025). In GIFT-BDS, ROTI is computed 235 

for each valid receiver-satellite link over a 5 min moving window as (Pi et al., 1997): 236 

 𝐼ROTI
 𝑖 = √⟨(𝐼ROT

 𝑖 )
2

⟩ − ⟨𝐼ROT
 𝑖 ⟩

2
 (3) 237 

where 𝐼ROTI
 𝑖  denotes the ROTI value at IPP 𝑖, and 〈∙〉 denotes averaging over the 5 min window. The 238 

corresponding 𝐼ROT
 𝑖  is defined as: 239 

 𝐼ROT
 𝑖 =

Δ𝑇S
 𝑖

Δ𝑡
=

𝑇S
 𝑖(𝑡2)−𝑇S

 𝑖(𝑡1)

𝑡2−𝑡1
 (4) 240 

where 𝑇S
 𝑖(𝑡1) and 𝑇S

 𝑖(𝑡2) are the STEC values at two epochs, and Δ𝑡 = 0.5 𝑚𝑖𝑛 (30 𝑠). 241 

3.2.2 VTEC and temporal derivative estimation at fixed IPPs 242 

STEC at each receiver-satellite link is mapped to VTEC using the elevation-dependent mapping function. 243 

A single-layer ionospheric shell model is adopted with a fixed shell height of 400 km (Klobuchar, 1987; 244 

Zhong et al., 2016a). The mapping function 𝑀(𝛿) is written as: 245 

 𝑀(𝛿) =
1

√1−(
𝑅e cos 𝛿

𝑅e+ℎ
)

2
 (5) 246 

where 𝑅𝑒  is the Earth's radius, ℎ is the ionospheric shell height, and 𝛿 is the satellite elevation angle. 247 

The VTEC at IPP 𝑖 is then obtained as: 248 

 𝑇V
 𝑖 =

𝑇S
 𝑖

𝑀(𝛿 𝑖)
+

𝜉

𝑀(𝛿 𝑖)
 (6) 249 

where 𝑇S
 𝑖 is the Level-1 STEC, and 

𝜉

𝑀(𝛿 𝑖)
 denotes the mapped residual error caused by measurement 250 

noise, multipath, and mapping-function approximation. This residual term affects the absolute VTEC 251 

estimate, but its influence is partly reduced in the differential quantities used for TEC gradient estimation 252 
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(Jakowski and Hoque, 2019; Li et al., 2014). 253 

The temporal derivative of VTEC at IPP 𝑖 is derived from the STEC rate of change. Because the 254 

receiver-GEO LOS geometry varies slowly over short time intervals, the mapping function can be treated 255 

as locally stable for the 30 s ROT calculation (Zhong et al., 2016b; Li et al., 2023). The VTEC temporal 256 

derivative is therefore approximated as: 257 

 
∂𝑇V

 𝑖

∂𝑡
=

1

𝑀(𝛿 𝑖)
 
Δ𝑇S

 𝑖

Δ𝑡
=

1

𝑀(𝛿 𝑖)
  𝐼ROT

 𝑖  (7) 258 

where 𝐼ROT
 𝑖  is the STEC rate of change defined in Eq. (4). 259 

3.2.3 Spatial gradient estimation from inter-IPP vectors 260 

Spatial-gradient products are derived from pairs of simultaneous IPP observations. For two IPPs, 𝑖 and 261 

𝑗, an inter-IPP vector is constructed on the ionospheric thin shell. Its magnitude 𝑆(𝑖,𝑗) is the great-circle 262 

distance between the two IPPs, and its azimuth angle 𝜃  (𝑖,𝑗) is measured clockwise from north. Due to 263 

the near-stationary GEO observation geometry, both 𝑆(𝑖,𝑗) and 𝜃  (𝑖,𝑗) vary only slowly with time. The 264 

TEC spatial gradient along the inter-IPP vector is estimated from the VTEC difference between the two 265 

IPPs as: 266 

 
∂𝑇V

 (𝑖,𝑗)

∂𝑆(𝑖,𝑗)
|𝑡 = (

𝑇S
 𝑖

𝑀(𝛿 𝑖)
−

𝑇S
 𝑗

𝑀(𝛿  𝑗)
)   ∙  

1

𝑆(𝑖,𝑗) +
1

𝑆(𝑖,𝑗) ∙ (
𝜉𝑖

𝑀(𝛿 𝑖)
−

𝜉𝑗

𝑀(𝛿 𝑗)
) (8) 267 

The magnitude of the spatial TEC gradient along the inter-IPP vector is defined as: 268 

 ∇𝑇V
 (𝑖,𝑗)(𝑡) = |

∂𝑇V
 (𝑖,𝑗)

∂𝑆(𝑖,𝑗)
|𝑡| (9) 269 

and is used as the GIX. The corresponding zonal (x) and meridional (y) components are given by: 270 

 
∂𝑇V

 (𝑖,𝑗)

∂𝑥
|𝑡 = ∇𝑇V

 (𝑖,𝑗)(𝑡) sin 𝜃  (𝑖,𝑗) (10) 271 

 
∂𝑇V

 (𝑖,𝑗)

∂𝑦
|𝑡 = ∇𝑇V

 (𝑖,𝑗)(𝑡)  cos 𝜃  (𝑖,𝑗) (11) 272 

where positive x and y denote the eastward and northward directions, respectively.  273 

The spatial variation of the temporal VTEC gradient is derived from the difference in temporal 274 

derivatives between the two IPPs: 275 

 
∂2𝑇V

 (𝑖,𝑗)

∂𝑥  ∂𝑡
= |

∂𝑇V
 𝑖

∂𝑡
−

∂𝑇V
 𝑗

∂𝑡
|   ∙  

sin 𝜃 (𝑖,𝑗)

𝑆(𝑖,𝑗)  (12) 276 

 
∂2𝑇V

 (𝑖,𝑗)

∂𝑦  ∂𝑡
= |

∂𝑇V
 𝑖

∂𝑡
−

∂𝑇V
 𝑗

∂𝑡
|   ∙  

cos 𝜃 (𝑖,𝑗)

𝑆(𝑖,𝑗)  (13) 277 

The sign convention follows the direction used to define the inter-IPP vector. In practice, each inter-278 

IPP gradient estimate is assigned to the midpoint of the great-circle arc connecting IPPs 𝑖 and 𝑗. This 279 

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



14 

 

midpoint is used as the representative location of the gradient sample in the subsequent gridding 280 

procedure. 281 

3.2.4 Quality control and pair-selection strategy 282 

The uncertainty of the spatial gradient estimates is mainly affected by residual observation errors, 283 

mapping-function approximations, residual bias errors, and local multipath effects. This influence is 284 

amplified for very short inter-IPP distances, whereas excessively long vectors may smooth regional 285 

structures and reduce sensitivity to smaller-scale ionospheric variability. A pair-selection strategy is 286 

therefore applied to balance residual-error control and spatial representativeness. 287 

In the Level-2 processing, only selected inter-IPP pairs are retained. Three constraints are applied. 288 

First, the inter-IPP distance 𝑆(𝑖,𝑗) must exceed 50 km to avoid amplification of residual errors at short 289 

baselines. Second, 𝑆(𝑖,𝑗) must be smaller than 1000 km to limit over-smoothing of large-scale structures 290 

and preserve regional sensitivity. Third, the difference in mapping-function values between the two IPPs, 291 

∆𝑀 = |𝑀(𝛿  𝑗) − 𝑀(𝛿  𝑖)|, must be smaller than 0.2. These criteria are chosen for the BeiDou GEO fixed-292 

geometry observation configuration and follow the general considerations of Jakowski and Hoque (2019). 293 

The pair selection is applied epoch by epoch. The retained inter-IPP vectors form the basis of the 294 

spatial-gradient products. Because the BeiDou GEO viewing geometry changes only slowly, the valid 295 

pair geometry is generally stable in time, except during data gaps, station outages, and quality-control 296 

exclusions. This temporal stability supports the generation of temporally continuous regional TEC-297 

gradient products. 298 

3.2.5 Gridding and released Level-2 products 299 

The Level-2 products are released as gridded regional ionospheric products. All Level-2 products have a 300 

temporal resolution of 15 min. The released Level-2 dataset includes the following variables: VTEC, 301 

VTECt, ROTI, GIX, GIXstd, GIXx, GIXy, GIXt,x, and GIXt,y. Their spatial resolutions, units, and source 302 

quantities are summarized in Table 4. The IPP-based variables, including VTEC, ROTI, and the temporal 303 

derivative 
∂𝑇𝑉

∂𝑡
, are mapped onto a 1° × 1° grid. The inter-IPP-based variables, including GIX, GIXx, 304 

GIXy, GIXt,x, and GIXt,y, are mapped onto a 0.25° × 0.25° grid. The value in each grid cell is calculated 305 

as the arithmetic mean of all valid samples within that cell. 306 

A grid cell is retained only when at least two valid samples are available. This criterion reduces the 307 
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influence of isolated observations and improves the robustness of the gridded products. In addition, the 308 

within-cell standard deviation of the contributing spatial-gradient samples is calculated as 309 

 𝜎(∇𝑇V) = √⟨(∇𝑇V)2⟩ − ⟨∇𝑇V⟩2 (14) 310 

where 〈∙〉  denotes the arithmetic mean over all valid samples within the grid cell. This quantity is 311 

released as GIXstd and provides an auxiliary measure of the sub-grid variability and internal consistency 312 

of the gradient estimates. 313 

Table 4. Summary of Level-2 gridded variables released in the GIFT-BDS dataset. 314 

Variable Description Grid spacing Unit 
Source 

quantity 

VTEC Vertical total electron content 1° × 1° TECU 𝑇𝑉 

VTECt Time derivative of VTEC 1° × 1° TECU/min 
∂𝑇𝑉

∂𝑡
 

ROTI Rate of TEC index 1° × 1° TECU/min 𝐼𝑅𝑂𝑇𝐼  

GIX 
Magnitude of horizontal TEC 

spatial gradient 
0.25° × 0.25° 10-3 TECU/km ∇𝑇V 

GIXstd Standard deviation of GIX 0.25° × 0.25° 10-3 TECU/km 𝜎(∇𝑇V) 

GIXx 
Zonal component of horizontal 

TEC spatial gradient 
0.25° × 0.25° 10-3 TECU/km 

∂𝑇V

∂𝑥
 

GIXy 
Meridional component of 

horizontal TEC spatial gradient 
0.25° × 0.25° 10-3 TECU/km 

∂𝑇V

∂y
 

GIXt,x 

Zonal component of the spatial 

gradient of the TEC temporal 

derivative 

0.25° × 0.25° 10-3 TECU/min/km 
∂2𝑇V

∂𝑥  ∂𝑡
 

GIXt,y 

Meridional component of the 

spatial gradient of the TEC 

temporal derivative 

0.25° × 0.25° 10-3 TECU/min/km 
∂2𝑇V

∂y  ∂𝑡
 

3.3 Product validation and uncertainty assessment 315 

3.3.1 Level-1 STEC stability assessment 316 

The Level-1 STEC records provide the primary input for the Level-2 VTEC and TEC-gradient products. 317 

Because the Level-2 products are derived mainly from temporal and spatial differences, they are less 318 

sensitive to constant systematic biases and slowly varying residual errors than absolute TEC estimates. 319 

Nevertheless, the short-term stability of the GEO-derived STEC records affects the quality of the Level-320 

2 gradient products. 321 

Following the Level-1 quality control procedures described in Sect. 3.1.2, the stability of the STEC 322 

records is assessed using the detrended STEC residuals defined in Eq. (2). This metric quantifies the 323 
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short-term variability of STEC observations and is sensitive to both residual observation noise and 324 

increased ionospheric variability (Ma et al., 2022). Figure 3 shows an example of the Level-1 GIFT-BDS 325 

GEO STEC product, the corresponding ROTI, and the absolute detrended STEC residual. The STEC 326 

record in Fig. 3a shows the temporal evolution of the LOS ionospheric delay after Level-1 processing. 327 

During the disturbed interval, enhanced residuals are accompanied by increased ROTI values, indicating 328 

that the residual increase is related to short-term ionospheric variability. During most of the day, the 329 

absolute detrended residual remains small, indicating stable short-term STEC behavior under relatively 330 

quiet conditions. 331 

 332 

Figure 3. Example of the Level-1 GIFT-BDS GEO STEC products and the absolute residual of detrended STEC. 333 

The example corresponds to the BDS GEO satellite C01 on 21 September 2024. The IPP is located at 23.13°N and 334 

120.92°E. (a) STEC record in the Level-1 product. (b) ROTI derived from the STEC. (c) Absolute residual of 335 

detrended STEC. 336 

Figure 4 shows the daily median RMS of all valid LOS STEC residuals over the full data period, 337 

together with the corresponding interquartile range (IQR) and the daily number of valid IPPs. The RMS 338 

remains below 0.1 TECU for most of the record, with a mean value of about 0.06 TECU. Increased RMS 339 

values occur mainly during the equinox periods, when ionospheric irregularities are more frequent in the 340 

low-latitude region. The daily number of valid IPPs remains relatively stable, typically ranging between 341 

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



17 

 

800 and 950. These results demonstrate stable Level-1 STEC availability and short-term precision over 342 

most of the data period, while retaining sensitivity to periods of enhanced ionospheric variability. Station 343 

maintenance activities and data transmission interruptions may prevent valid GNSS observation files 344 

from being received at the data center. As a result, no processable observation files were available for 26 345 

of the 531 days covered by the released dataset. 346 

 347 

Figure 4. Daily Level-1 STEC stability statistics for the GIFT-BDS dataset over the full period. (a) Daily RMS 348 

statistics of detrended line-of-sight STEC residuals. The blue curve denotes the 7-day moving mean of the daily 349 

median RMS, and the light-blue shading represents the interquartile range (IQR; 25th–75th percentiles) of the daily 350 

RMS values. Gray vertical bars and labels indicate DOYs for which no processable observation files were available. 351 

(b) Daily number of valid IPPs used in the Level-1 product generation. The vertical dashed line marks the boundary 352 

between 2024 and 2025. 353 

3.3.2 System-level consistency of Level-2 products 354 

The internal consistency of the Level-2 gradient products depends on the stability of the GEO observation 355 

geometry. Although GEO satellites remain nearly stationary relative to the ground, small orbital 356 

variations introduce minor changes in IPP geometry, and may affect the derived gradient estimates (Li et 357 

al., 2023). 358 

Figure 5 presents an example of the Level-2 GIFT-BDS products at a representative epoch. The 359 

products include all variables listed in Table 4. The quantitative system-level consistency assessment is 360 
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based on the relationship between the temporal and spatial derivatives of the TEC field. Specifically, the 361 

spatial variation of the local VTEC temporal change (∂(∂𝑇𝑉 ∂𝑡⁄ ) ∂𝑆⁄ ) should be compatible with the 362 

temporal variation of the horizontal VTEC gradient (∂(∂𝑇𝑉 ∂𝑆⁄ ) ∂𝑡⁄  ) under an internally consistent 363 

gridded TEC field. This relationship is expected to hold more clearly when residual errors are low and 364 

the GEO observation geometry is temporally stable. In this case, the spatial variation of the TEC temporal 365 

change and the temporal variation of the TEC spatial gradient provide two complementary descriptions 366 

of the same evolving TEC distribution. 367 

 368 

Figure 5. Example GIFT-BDS TEC gradient products at 13:40 LT (115°E) on 21 September 2024. All panels display 369 

grid-mean values. Panels b, c, e, f, h and i use a 0.25° × 0.25° grid, while panels a, d and g use a 1° × 1° grid. The 370 

positive x and y directions denote eastward and northward, respectively. 371 

Following Li et al. (2025b), the asymmetry of mixed spatiotemporal partial derivatives is used as 372 

an internal consistency metric for the Level-2 products. This metric does not require an external reference 373 

product, and is therefore useful for assessing a GEO-based regional gradient dataset for which 374 

independent gradient observations are not generally available. The asymmetry metric is defined as: 375 

 𝐴𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 = √(
∂2𝑇V

∂𝑡  ∂𝑥
−

∂2𝑇V

∂𝑥  ∂𝑡
)

2

+ (
∂2𝑇V

∂𝑡  ∂𝑦
−

∂2𝑇V

∂𝑦  ∂𝑡
)

2

 (15) 376 

where the terms represent the differences between the two orders of mixed partial derivatives in the zonal 377 

and meridional directions, respectively. For an ideal, smooth TEC distribution on the ionospheric shell, 378 
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the asymmetry should be close to zero. In practice, non-zero values may result from residual 379 

measurement noise, small variations in GEO observation geometry, mapping and gridding effects, and 380 

genuine ionospheric spatiotemporal variability. The asymmetry metric is therefore not interpreted as an 381 

absolute error estimate, but as a system-level diagnostic of the internal consistency of the Level-2 382 

gradient products. 383 

Figure 6 summarizes the daily internal consistency statistics of the Level-2 gradient products. The 384 

daily median mixed-partial-derivative asymmetry remains close to 0.06 × 10−3 TECU min−1 km−1 for 385 

most of the record, with no significant long-term trend. The interquartile range is also generally stable 386 

throughout the period, indicating that the combined effects of geometry-related variability, residual 387 

observation errors, and gridding noise on the Level-2 gradient products are limited and temporally 388 

consistent. The long-term behavior of this metric supports the internal-consistency assessment of the 389 

GIFT-BDS Level-2 gridded gradient products. 390 

 391 

Figure 6. Daily internal-consistency statistics of the GIFT-BDS Level-2 gradient products over the full data period. 392 

The blue curve shows the 7-day moving mean of the daily median mixed-partial-derivative asymmetry, and the blue 393 

shading denotes the interquartile range (IQR; P25–P75). Gray bars and labels mark DOYs without valid observations. 394 

The vertical dashed line indicates the boundary between 2024 and 2025. 395 

  396 
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3.4 Comparison with GIM-derived gradient estimates 397 

A qualitative comparison with GIM-derived gradients illustrates the spatial structures resolved by the 398 

GIFT-BDS Level-2 products. Note that the two products have different design objectives and spatial 399 

resolutions. The CAS GIM provides a global ionospheric representation on a relatively coarse grid, 400 

whereas GIFT-BDS is designed to describe regional TEC gradients over China using BeiDou GEO 401 

observations. The comparison is designed as a resolution and morphology check rather than as an 402 

independent accuracy validation. 403 

Figure 7 compares the temporal evolution of VTEC and spatial gradient quantities along the 115°E 404 

meridian between 20°N and 30°N during 5–7 April 2025. Panels (a, c, e, g) show CAS GIM-derived 405 

results, while panels (b, d, f, h) show the corresponding GIFT-BDS products. The CAS GIM has a spatial 406 

resolution of 2.5° in latitude and 5° in longitude, whereas the GIFT-BDS TEC-gradient products are 407 

provided on a 0.25° × 0.25° grid. Both products reproduce the broad diurnal evolution of VTEC over the 408 

selected latitude range, including the daytime enhancement and nighttime decay. The GIM-derived 409 

results are, however, smoother in space and time, as expected from the coarser grid spacing. Their 410 

corresponding gradient structures are weaker and broader, with limited representation of localized 411 

gradient features. In contrast, the GIFT-BDS products show sharper and more localized gradient 412 

enhancements in GIX, together with meridional and zonal gradient structures in GIXy and GIXx. The 413 

difference is especially evident near the low-latitude crest region, where GIFT-BDS captures narrow and 414 

rapidly evolving meridional gradient features that are largely smoothed in the GIM-derived results. 415 

The comparison illustrates the additional regional detail provided by the GIFT-BDS Level-2 416 

gradient products. The higher-resolution GEO-derived results are better suited for describing localized 417 

TEC-gradient structures and their short-term evolution, whereas GIM-derived gradients provide a useful 418 

large-scale background reference. The results therefore support the intended use of GIFT-BDS for 419 

regional ionospheric gradient monitoring and for applications requiring detailed characterization of 420 

ionospheric spatiotemporal variability. 421 
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 422 

Figure 7. Latitude-time variations of ionospheric TEC and its spatial gradients along the 115°E meridian from 5 to 423 

7 April 2025. The left panels are derived from the CAS GIM, and the right panels are derived from the GIFT-BDS 424 

dataset. Panels (a, b) show VTEC, panels (c, d) show GIX, panels (e, f) show GIXy, and panels (g, h) show GIXx 425 

over 20°N–30°N. Time is labeled in UT, with the corresponding local time at 115°E shown below. Positive GIXx 426 

and GIXy denote eastward and northward TEC gradient components, respectively. The CAS GIM has a nominal grid 427 

spacing of 5°×2.5°, whereas the GIFT-BDS TEC-gradient products are provided on a 0.25°×0.25° grid. 428 

  429 
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4 Example applications 430 

This section provides two examples to illustrate possible uses of the released products. The first example 431 

uses GIX and its directional components to describe event-scale and seasonal TEC gradient structures 432 

associated with daytime Equatorial Ionization Anomaly (EIA) development and nighttime Equatorial 433 

Plasma Bubble (EPB) activity. The second example compares GIFT-BDS-based GIX indicators with PPP 434 

and network RTK (NRTK) positioning performance during disturbed ionospheric conditions. 435 

4.1 Example use for event-scale and seasonal TEC-gradient characterization 436 

EIA development and EPB activity are representative low-latitude ionospheric processes over China 437 

and its surrounding regions. EIA occurs during daytime and is characterized by a trough in electron 438 

density near the magnetic equator and two anomaly crests at low magnetic latitudes. It is formed by the 439 

fountain effect, which lifts plasma upward and redistributes it along geomagnetic field lines (Chen et al., 440 

2023; Nigussie et al., 2022). EPBs mainly occur at night and appear as depleted plasma density structures 441 

that originate in the equatorial ionosphere and may extend to low latitudes. They are often aligned nearly 442 

north-south and drift zonally, producing pronounced spatial gradients and irregular perturbations (Li et 443 

al., 2021a; Song et al., 2025). Because both phenomena exhibit clear spatial patterns and temporal 444 

evolution, they provide suitable examples for illustrating the use of GIFT-BDS in describing regional 445 

TEC gradient structures. 446 

Figure 8 shows GIX and its directional components for a daytime EIA-related structure and a 447 

nighttime EPB-related structure on 21 September 2024, together with their evolution along selected 448 

meridional and zonal sections. In panel (a), enhanced GIX values appear on both flanks of the daytime 449 

EIA crest at low latitudes, indicating enhanced horizontal TEC gradients associated with the anomaly 450 

structure. Panel (b) shows the corresponding meridional TEC gradient pattern. The near-zero transition 451 

zone marks the approximate crest location, while the opposite signs on the two sides indicate rapid TEC 452 

decay away from the crest. In panel (c), nighttime EPB-related structures appear as narrow, nearly 453 

meridional bands of enhanced GIX. Panel (d) shows the associated zonal TEC gradient component, with 454 

enhanced GIXx values along the edges of the depletion structures. Along 115°E, panel (e) shows the 455 

daytime enhancement of GIX around the EIA crest region, while panel (f) illustrates the associated 456 

meridional gradient pattern through the sign reversal of GIXy and the displacement of the near-zero 457 

transition zone. Along 23.5°N, panel (g) shows the zonal evolution of EPB-related GIXx enhancements 458 
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in longitude-time space. These examples illustrate how GIFT-BDS can be used to follow regional TEC-459 

gradient structures under daytime and nighttime ionospheric conditions. 460 

 461 
Figure 8. Example GIFT-BDS TEC gradient products on 21 September 2024. Panels (a, b) show GIX and its 462 

meridional component GIXy at 13:40 LT, and panels (c, d) show GIX and its zonal component GIXx at 22:40 LT 463 

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 464 

latitude-time sections in panels (e, f), and the dashed line in (d) marks the 23.5°N parallel used for the latitude-time 465 

section in panel (g). Panels (e, f) present latitude-time variations of GIX and GIXy along 115°E over 20°N–30°N, 466 

and panel (g) presents a longitude-time variation of GIXx along 23.5°N over 105°E–115°E. The vertical dashed lines 467 

in (e-g) indicate 13:40 and 22:40 LT, corresponding to the snapshots in (a, b) and (c, d), respectively. 468 

  469 
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Figure 9 extends the event-scale example to a longer timescale and illustrates the seasonal variability 470 

of daytime EIA-related gradient structures. To emphasize the latitudinal organization of the anomaly, 471 

GIX and GIXy are first averaged over 100°E-120°E and then averaged within a fixed local time window 472 

of 13:40-17:40 LT for each day. This averaging reduces short-term longitudinal variability and provides 473 

a consistent daytime view of day-to-day and seasonal changes. In panel (a), enhanced GIX values are 474 

mainly around the EIA crest region. The intensity and latitudinal extent of these gradients show clear 475 

seasonal modulation, with stronger and broader structures during the equinox seasons and weaker 476 

signatures around the June solstice. Panel (b) shows the corresponding latitude-DOY distribution of GIXy, 477 

which represents the meridional TEC gradient pattern. Positive values south of the crest region and 478 

negative values to the north indicate opposite meridional TEC gradient directions on the two sides of the 479 

EIA crest. The near-zero transition region marks the approximate crest location. Together with the event-480 

scale example in Fig. 8, these results illustrate the use of GIFT-BDS for describing TEC-gradient 481 

morphology from event to seasonal timescales. 482 

 483 

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

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

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 486 
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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 487 

latitude bins without valid gridded products. The colored bar below panel (a) indicates the seasonal partition used in 488 

the analysis: SE, September equinox; DS, December solstice; ME, March equinox; JS, June solstice. 489 

4.2 Example use for GNSS positioning-related analysis 490 

GNSS positioning performance can be notably affected by ionospheric disturbances, particularly under 491 

conditions of rapid spatial and temporal variations in electron density. Such effects are typically more 492 

pronounced during disturbed ionospheric periods, when ionospheric irregularities such as EPBs and 493 

sharp TEC gradients occur more frequently. GIX quantifies the magnitude of horizontal TEC spatial 494 

gradients and can therefore be used as a diagnostic variable for comparing regional ionospheric structure 495 

with GNSS positioning performance. Previous studies have reported associations between enhanced GIX 496 

and degraded PPP performance during geomagnetic storms (Fu et al., 2025b; Nykiel et al., 2024). In this 497 

section, GIFT-BDS is used to illustrate how regional TEC gradient products can be compared with PPP 498 

and NRTK positioning metrics. 499 

Figure 10 shows the temporal evolution of TEC gradient activity and PPP/NRTK positioning 500 

performance over 15°N–25°N and 100°E–120°E during a geomagnetically disturbed period. The 501 

ionospheric conditions are characterized using two GIFT-BDS variables: GIX, which quantifies 502 

horizontal TEC spatial gradient intensity, and ROTI, which describes short-term TEC temporal variability. 503 

In this case, enhanced GIX and ROTI structures are observed during the disturbed interval, with an 504 

apparent eastward evolution in panels (d) and (e). Panels (a) and (b) show the horizontal and vertical 505 

RMS of PPP positioning errors for 48 stations in the selected region. In both panels, the station-mean 506 

and P95 RMS values increase during the interval of enhanced TEC gradient activity. Panel (c) compares 507 

the mean horizontal error of NRTK solutions in Hong Kong with the collocated GIX time series at 23°N, 508 

113°E. The enhanced and rapidly varying GIX values are consistent with the passage of EPB-related 509 

gradient structures over the region. Increased NRTK errors occur during intervals of enhanced GIX, 510 

suggesting that the local TEC gradient activity contributed to the observed positioning degradation. This 511 

example indicates that the GIFT-BDS gradient products provide useful context for interpreting GNSS 512 

positioning performance under disturbed ionospheric conditions. 513 
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 514 

Figure 10. Example use of GIFT-BDS for comparing TEC gradient activity with GNSS positioning performance 515 

during a geomagnetically disturbed period. Panels (a) and (b) show the horizontal and vertical RMS of PPP 516 

positioning errors, respectively, computed from 48 stations within 15°N–25°N and 100°E–120°E. The blue curves 517 

denote the station-mean RMS, the orange curves denote the 95th percentile (P95) of station-wise RMS, and gray 518 

shaded envelopes indicate ±1 standard deviation about the mean. Panel (c) shows the mean horizontal error of 519 

network RTK solutions from 12 stations in Hong Kong, with an average baseline length of about 20 km, together 520 

with the collocated GIX time series at 23°N, 113°E. The gray envelope indicates ±1 standard deviation across the 521 

RTK stations. Panels (d) and (e) show the latitude-averaged GIX and ROTI, respectively, over 15°N–25°N and 522 

100°E–120°E. The time axis is labeled in UT, with the corresponding LT at 115°E shown below. 523 

Figure 11 presents a statistical analysis of NRTK horizontal positioning errors and collocated GIX 524 

values over the Hong Kong network. Note that TEC-gradient structures over low-latitude China are 525 

produced by different ionospheric processes, and enhanced GIX values may occur during both daytime 526 

EIA development and nighttime EPB activity. Since daytime EIA conditions are generally associated 527 

with smoother electron density variations and lower ROTI, this analysis is restricted to nighttime 528 

conditions during the equinox-to-solstice interval, when enhanced GIX values are more likely associated 529 
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with EPB-related structures. Panel (a) shows the relationship between the median NRTK horizontal 530 

positioning error and GIX. Large-error samples in the 2–15 m range tend to occur at higher GIX values, 531 

with a correlation coefficient of 0.752 for this subset. In contrast, smaller-error samples below 2 m show 532 

weaker dependence on GIX, indicating that other error sources may contribute substantially under 533 

moderate-error conditions. Panel (b) shows the occurrence probabilities of the two error ranges as a 534 

function of GIX. The probability of large NRTK errors increases with GIX, whereas the moderate-error 535 

range does not show the same monotonic behavior. These results illustrate how GIFT-BDS can be used 536 

to examine statistical associations between regional TEC gradient activity and NRTK positioning 537 

degradation. 538 

 539 

Figure 11. Example use of GIFT-BDS for relating collocated GIX to NRTK horizontal positioning errors in Hong 540 

Kong (23°N, 113°E) during the equinox-to-solstice interval from 10 August to 29 October 2024. The analysis uses 541 

a 12-station network RTK configuration with a mean baseline length of about 20 km. GNSS solutions are computed 542 

at 30 s intervals and summarized at a 15 min sampling cadence. For each 15 min interval, the median horizontal 543 

positioning error across the RTK stations is compared with the collocated GIX value. Panel (a) shows the epoch-544 

wise median horizontal error as a function of GIX, separated into two error ranges, 0.5–2 m (blue) and 2–15 m 545 

(orange). The solid black line shows a regression fit to the 2–15 m samples, and the dashed gray line marks the 2 m 546 

threshold used here to indicate severe positioning degradation. Panel (b) shows the occurrence probability of the two 547 
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error ranges as a function of GIX, obtained by binning the GIX values. Numbers within the bars denote the 548 

corresponding percentages. 549 

5 Data availability 550 

The GIFT-BDS dataset used in this paper covers the period from 19 July 2024 to 31 December 2025, 551 

corresponding to DOY 201 of 2024 to DOY 365 of 2025. The versioned public release is available at 552 

https://doi.org/10.5281/zenodo.21090695 (Li et al., 2026a). The release contains Level-1 GEO-derived 553 

STEC records, Level-2 gridded TEC and TEC-gradient products, quality-control descriptors, and 554 

associated metadata. Daily updated GIFT-BDS products are available at 555 

https://data.bdsmart.cn/pub/campaign/iono/. These daily products follow the same processing strategy as 556 

the archived release, but should be regarded as operational updates until they are included in a subsequent 557 

versioned release. 558 

6 Conclusion 559 

This paper presents GIFT-BDS, a continuously updated regional ionospheric TEC and GIX dataset over 560 

China. The dataset is generated from a fixed-geometry observation network combining more than 200 561 

ground-based GNSS receivers and five BeiDou GEO satellites. The near-stationary receiver-satellite 562 

geometry provides repeated sampling of nearly fixed ionospheric pierce points and supports the 563 

estimation of regional TEC-gradient quantities. The released products are organized into two levels. 564 

Level-1 provides GEO-derived STEC time series for individual receiver-satellite links, while Level-2 565 

provides gridded TEC, ROTI and GIX products. The TEC gradient products are provided on a 0.25° × 566 

0.25° grid with a temporal resolution of 15 min. 567 

The quality and consistency assessments support the reliability and usability of the released dataset. 568 

The Level-1 STEC records show short-term stability at the sub-TECU level, as assessed from detrended 569 

STEC residuals. The Level-2 gradient products show temporally stable internal consistency under the 570 

BeiDou GEO observation geometry, based on the mixed-partial-derivative asymmetry diagnostic. 571 

Comparison with GIM-derived gradients further illustrates the added regional detail and temporal 572 

continuity provided by GIFT-BDS. The example applications show how the dataset can be used to 573 

describe EIA-related gradient morphology, EPB-related gradient structures, seasonal TEC gradient 574 

variability, and ionospheric conditions relevant to PPP and NRTK performance analyses. 575 
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GIFT-BDS provides a new regional data resource for ionospheric process studies, space-weather 576 

monitoring, and GNSS application analyses over China. The archived release used in this paper is 577 

complemented by daily updated products. Future versions will extend the temporal coverage, improve 578 

product completeness, and further refine the quality-control procedures and metadata information to 579 

support long-term use of the dataset. 580 
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