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Abstract 12 

Ionospheric disturbances significantly affect the performance of network RTK (NRTK), particularly 13 

at low latitudes where ionospheric gradients may vary rapidly across regional reference networks. 14 

This study evaluates the use of the I95 index, derived from double-differenced ionospheric residuals, 15 

as an empirical indicator of NRTK performance degradation. Full-year GPS data from a 13-station 16 

CORS network in Hong Kong for 2019 and 2024 were processed using a leave-one-out virtual 17 

reference station (VRS) processing strategy. The relation between I95 and NRTK performance was 18 

assessed by the quantile regression. The results reveal a systematic degradation of NRTK performance 19 

with increasing I95, characterized by lower ambiguity-fixing rates, broader positioning error 20 

distributions, and increased sensitivity of the upper error quantiles. These effects were markedly 21 

stronger in 2024 than in 2019. For the 2024 dataset, the probability of 3D-RMS errors exceeding 10 22 

cm increased from 11.3% for I95 values of 0–1 ppm to 88.5% for values above 20 ppm. Over the 23 

same range, the mean cumulative positioning error increased from 0.07 to 1.56cm/km, corresponding 24 

to a factor of about 22. The fitted exceedance model yielded probability levels of 40%, 60% and 80% 25 

at I95 values of approximately 4.16, 8.28 and 14.83 ppm, respectively. Based on the combined 26 

exceedance and cumulative-error characteristics, four empirical performance regimes were defined 27 

for the Hong Kong network, with I95 intervals of <4, 4–10, 10–16 and >16 ppm. The 2019 results 28 

preserved the general ordering of these regimes but exhibited a weaker response and limited sampling 29 

at high I95 values. The derived thresholds provide a practical regional link between residual 30 



 

 

ionospheric monitoring and user-domain NRTK performance under low-latitude conditions. 31 
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Introduction 35 

Network real-time kinematic (NRTK) positioning, based on Global Navigation Satellite Systems 36 

(GNSS), provides centimeter-level accuracy and supports applications such as surveying, exploration, 37 

and intelligent driving (Naciri et al. 2023). NRTK performance depends on the capability of the 38 

reference network to model and interpolate distance-dependent errors. Residual ionospheric delays 39 

are often the dominant limitation over short to medium baselines, particularly in low-latitude regions 40 

where ionospheric gradients can vary rapidly (Lyu et al. 2025; Wang et al. 2026). During the high-41 

activity phase of solar cycle 25, increased ionospheric scintillation and rapid variations in total 42 

electron content (TEC) can degrade observation quality (Li et al. 2020; Li et al. 2026), reduce 43 

ambiguity-fixing reliability, and affect the continuity of NRTK services (Zhang W et al. 2025). For 44 

operational NRTK services, it is therefore essential to quantify how ionospheric residuals observed 45 

within the reference network translate into degraded user-side ambiguity resolution and positioning 46 

performance. 47 

Previous studies have demonstrated the adverse impact of ionospheric disturbances on NRTK 48 

positioning. However, the residual-error pathway within the NRTK processing chain has not yet been 49 

quantified in a systematic way. In particular, the role of double-differenced (DD) ionospheric 50 

residuals in ambiguity resolution and user-side positioning degradation remains insufficiently 51 

characterized under disturbed conditions (Guerra et al. 2024). This limits both the attribution of 52 

positioning errors to imperfect network interpolation and the definition of operationally meaningful 53 

warning levels. Ionospheric disturbance indices such as the Rate of TEC Index (ROTI, Zhang Z et al. 54 

2025) and the Gradient Ionosphere index (GIX, Nykiel et al. 2024) are commonly derived from GNSS 55 

TEC observations and describe ionospheric variability at different spatial and temporal scales. They 56 

are, however, not defined in the same DD residual domain as NRTK interpolation errors. The DD 57 

ionospheric residuals represent the ionospheric error components that remain after network modeling 58 

and interpolation, and are therefore more directly linked to ambiguity-fixing reliability and user-side 59 

positioning accuracy (Weaver 2023). The residual-based indicators can thus provide a closer 60 

connection to NRTK service monitoring than TEC-based indices alone. 61 

Wanninger (1999) introduced the I95 index as a network-level measure of ionospheric 62 

disturbance for NRTK applications. The index is derived from DD ionospheric residuals within the 63 



 

 

reference network and is commonly expressed as an hourly 95th percentile normalized by baseline 64 

length. In this form, I95 provides a compact description of the residual ionospheric activity in the 65 

same error domain as NRTK interpolation. Chen et al. (2003) later introduced ionospheric residual 66 

integrity monitoring (IRIM) and ionospheric residual interpolation uncertainty (IRIU) to assess 67 

ionospheric interpolation quality and user-side uncertainty. Compared with these approaches, I95 is 68 

simpler to compute and does not require station removal or a predefined user position. It is therefore 69 

well suited for continuous network monitoring and for empirical studies relating ionospheric residual 70 

activity to user-side NRTK performance. 71 

Although I95-based studies have provided useful evidence for NRTK service monitoring, the 72 

relation between I95 and user-side performance remains only partly quantified. Earlier work 73 

suggested that I95 values above about 4 ppm may increase the risk of initialization problems 74 

(Wanninger 2004). The associated changes in ambiguity-fixing rate, positioning error, and large-error 75 

probability have not been assessed systematically over a wide range of disturbance levels. Existing 76 

thresholds are therefore mainly empirical and remain only weakly supported by user-domain 77 

positioning statistics (Gianniou et al. 2012; Próchniewicz et al. 2017). For operational services, this 78 

uncertainty may result either in overly conservative warnings and reduced availability or in delayed 79 

recognition of degraded positioning reliability (Paziewski 2016; Li et al. 2025). This is particularly 80 

relevant during periods of enhanced solar activity, when strong spatial ionospheric gradients and rapid 81 

temporal variations are more likely to compromise network interpolation performance. 82 

This study assesses I95 as a network-internal indicator of user-side NRTK degradation in a low-83 

latitude regional network. Full-year observations from the Hong Kong CORS network in 2019 and 84 

2024 are processed in a leave-one-out virtual reference station (VRS) configuration to relate network-85 

level DD ionospheric residuals to NRTK ambiguity resolution and positioning performance. The 86 

analysis first examines the dependence of ambiguity-fixing rate and 3D positioning error on I95, and 87 

then uses year-specific quantile regression to assess whether this dependence is enhanced in the upper 88 

tail of the error distribution. Exceedance probabilities for 3D positioning errors above 10 cm and 89 

cumulative positioning errors per baseline length are combined to derive network-specific I95 90 

intervals for the Hong Kong case study. The results show how a network-level DD ionospheric 91 

residual indicator can be linked to user-domain NRTK degradation under disturbed ionospheric 92 

conditions. The paper is organized as follows. The analysis method and data processing strategy are 93 

first described, followed by the assessment of I95-dependent NRTK performance in the Hong Kong 94 

low-latitude network. The final section summarizes the main conclusions and limitations. 95 

Methods 96 

This section describes the processing and analysis strategy used to relate I95 to user-side NRTK 97 



 

 

performance. The VRS experiment is introduced first, followed by the estimation of DD ionospheric 98 

residuals and the computation of hourly I95 values. The dataset, processing settings, and statistical 99 

analysis are then presented as the basis for the subsequent performance assessment. 100 

NRTK processing 101 

The NRTK analysis employs a leave-one-out VRS strategy. For each test, one station of the Hong Kong 102 

CORS network is excluded from the reference-network solution and treated as an independent user station. 103 

The remaining stations are used for server-side network estimation and for generating VRS observations 104 

at or in the immediate vicinity of the excluded station. This separation enables network-derived 105 

ionospheric residuals to be related to user-side ambiguity resolution and positioning performance, without 106 

involving observations from the test station in the corresponding network solution. 107 

The processing chain consists of three steps. First, DD baseline solutions are formed between the 108 

reference stations, and residual atmospheric delays are estimated after ambiguity fixing. Second, the 109 

estimated ionospheric and tropospheric residuals are interpolated to the VRS location using the adopted 110 

interpolation model. Finally, user-side RTK positioning is performed between the generated VRS 111 

observations and the observations of the excluded station. The first two steps constitute the server-side 112 

NRTK processing, while the final step provides the independent user-side performance assessment. 113 

For a reference-network baseline, the DD carrier-phase and pseudorange observation equations can 114 

be written as  115 

௞,௦௜,௝߶ߘ߂}  = ௞,௦௜,௝ߩߘ߂ + ߘ߂௦ߣ ௞ܰ,௦௜,௝ − ௞,௦௜,௝ܫߘ߂ + ߘ߂ ௞ܶ,௦௜,௝ + ߘ߂ߝ ௞ܲ,௦௜,௝ = ௞,௦௜,௝ߩߘ߂ + ௞,௦௜,௝ܫߘ߂ + ߘ߂ ௞ܶ,௦௜,௝ + ߝ  (1) 116 

where ߘ߂ denotes the DD operator, superscripts i and j denote satellites, subscript k denotes the 117 

reference station, and subscript s denotes the frequency. ߶ is the carrier-phase observable, P is the 118 

pseudorange observable, ߩ is the geometric range, ߣ is the wavelength of frequency, ܰ is the 119 

integer ambiguity, ܫ is the first-order ionospheric delay term, ܶ is the tropospheric delay term, and 120 ߝ is the observation noise. 121 

Following successful DD ambiguity fixing, the residual atmospheric delays are estimated for the 122 

reference-network baselines. These estimates are subsequently interpolated to the VRS location and 123 

applied in generating the VRS observations (Gao et al. 2025; Liu et al. 2026). The user-side DD 124 

observation model between the VRS (V) and the excluded user station (U) can then be expressed as 125 

௏,௎,௦௜,௝߶ߘ߂}  = ௏,௎௜,௝ߩߘ߂ + ߘ߂௦ߣ ௏ܰ,௎,௦௜,௝ − ௏,௎,௦௜,௝ܫߜ + ߜ ௏ܶ,௎௜,௝ + ߘ߂ߝ ௏ܲ,௎,௦௜,௝ = ௏,௎௜,௝ߩߘ߂ + ௏,௎,௦௜,௝ܫߜ + ߜ ௏ܶ,௎௜,௝ + ߝ  (2) 126 



 

 

Here, ܫߜ  and ܶߜ  denote the residual DD ionospheric and tropospheric delays remaining after 127 

applying network corrections, respectively. Under nominal ionospheric conditions, these distance-128 

dependent residuals are expected to be small because the VRS is generated in close proximity to the 129 

user station. During disturbed periods, however, the spatial variability of the ionosphere may not be 130 

fully represented by the interpolation model. The resulting residual ionospheric delays in Eq. (2) may 131 

reduce ambiguity-fixing reliability and degrade the positioning solution. 132 

The residual ionospheric term in the user-side model is related to the residual 133 

ionospheric activity observed within the reference network. The I95 index, however, is 134 

neither applied as a correction nor introduced as a constraint in the positioning filter. 135 

Instead, it is derived independently from DD ionospheric residuals of the reference-136 

network solutions and used only as an explanatory indicator in the subsequent 137 

performance analysis. This study therefore evaluates the diagnostic value of I95 for 138 

identifying NRTK performance degradation, rather than an I95-based correction or 139 

mitigation strategy.Extraction of DD ionospheric residuals for I95 computation 140 

During periods of enhanced ionospheric activity, DD ionospheric residuals constitute one of the 141 

principal error sources in NRTK positioning. Their extraction is based on the DD carrier-phase model: 142 

௞,௦௜,௝߶ߘ߂  = ௞,௦௜,௝ߩߘ߂ + ߘ߂௦ߣ ௞ܰ,௦௜,௝ − ௞,௦௜,௝ܫߘ߂ + ߘ߂ ௞ܶ,௦௜,௝ +  143 (3) ߝ

where the notation follows that introduced for Eq. (1).  144 

After wide-lane ambiguity resolution using the MW combination and integer ambiguity fixing 145 

within the reference network, the remaining unknown terms are the DD tropospheric and ionospheric 146 

residuals. Using the non-dispersive property of tropospheric delay, the ionosphere-free combination 147 

is formed on the L1 frequency to estimate the DD tropospheric residual 148 

ܶߘ߂  = ௙12௙12−௙22 1߶ߘ߂)1ߣ − ߘ߂ 1ܰ) − ௙22௙12−௙22 2߶ߘ߂)2ߣ − ߘ߂ 2ܰ) −  149 (4)  ߩߘ߂

where 1݂ and 2݂  are the carrier frequencies, ߘ߂߶  is the DD carrier-phase observable, 150 ܰߘ߂ 

denotes the DD ambiguity, and ܶߘ߂  denotes the DD tropospheric residual. Once the DD 151 

tropospheric residual ܶߘ߂ is determined, the DD ionospheric residual can be obtained from the 152 

ambiguity-fixed L1 carrier-phase residual as  153 

௞,௦௜,௝ܫߘ߂  = ௞,௦௜,௝ߩߘ߂ + ߘ߂௦ߣ ௞ܰ,௦௜,௝ − ௞,௦௜,௝߶ߘ߂ + ߘ߂ ௞ܶ,௦௜,௝ +  154 (5) ߝ



 

 

where ܫߘ߂ is the estimated L1 DD ionospheric residual, and ܶߘ߂ is the estimated DD tropospheric 155 

residual. 156 

In the present analysis, the extracted DD ionospheric residuals are used only to compute the I95 157 

index as an indicator of regional ionospheric disturbance activity. This index is neither estimated as 158 

a state parameter in the user-side filter nor applied in generating the VRS observations. In the I95 159 

computation, the carrier-phase noise and remaining unmodeled phase errors are not estimated 160 

separately. Instead, after ambiguity fixing and removing the estimated tropospheric contribution, the 161 

residual term ܫߘ߂ is treated as the DD ionospheric residual for I95 computation. 162 

The master station and the set of effective baselines are selected according to data availability, 163 

observation quality, dilution of precision, the number and elevation of commonly tracked satellites, 164 

and observation continuity. As a result, the set of valid baselines and DD residual samples may vary 165 

with time. The extracted DD ionospheric residuals reflect both the prevailing ionospheric conditions 166 

and the instantaneous network geometry. To provide a compact network-level description, the 167 

residuals are normalized by their respective baseline lengths and summarized by the hourly I95 168 

statistic. 169 

I95 index computation and normalization 170 

The I95 index condenses DD ionospheric residuals observed across the reference network into a 171 

single measure of regional residual ionospheric activity (Wanninger 1999). It is defined as the 95% 172 

quantile of all DD ionospheric residuals within a predefined time window, typically 1 h, and can be 173 

written as follows: 174 

௡ܫ}  = ∑ ௅஺்,௡2ܫ√ + ௅ைே,௡2ܫ =௞∗௦௡=1 √∑ :95ܫ2௞∗௦௡=1ܫߘ߂ ௡ܫ)ܲ < (95ܫ = 95%, ௡ܫ)ܲ > (95ܫ = 5%  (6) 175 

where ܫ௡  denotes the ionospheric residual magnitude sample in every epoch used for the I95 176 

computation, and its latitudinal and longitudinal components are denoted by ܫ௅஺் and ܫ௅ைே ܫ௅ைே, 177 

respectively. In the present implementation, the DD ionospheric residual ܫߘ߂  derived from the 178 

ambiguity-fixed observations is used directly. Here, the index n denotes the residual-sample number, 179 

k is the number of valid baselines, s is the number of valid DD residuals, or satellite pairs, for each 180 

baseline at a given epoch, and k*s is the total number of valid samples used for I95 computation 181 

within the corresponding hourly interval. 182 

On the server side, I95 is computed from DD ionospheric residuals accumulated over successive 183 

1h intervals. As a baseline-normalized error measure, it is expressed in parts per million (ppm), with 184 

1 ppm corresponding to mm/km. For each valid baseline and epoch, the absolute residual is 185 

normalized by the baseline length. All normalized samples from the reference network are 186 



 

 

subsequently pooled within the corresponding hourly interval, and their empirical 95th percentile is 187 

adopted as the I95 value. The resulting index is used exclusively as an external explanatory indicator 188 

in the performance assessment and is not introduced into the user-side positioning filter. 189 

 190 

Fig. 1 Comparison of hourly I95 values from the operational LGLN product (left column) and the 191 

series computed in this study (right column) for Germany during 8-10 October 2024. I95 is expressed 192 

in ppm, equivalent to mm/km after normalization by baseline length. 193 

As an external consistency check, the hourly I95 series derived in this study from a selected set 194 

of German reference stations was compared with the real-time I95 product provided by LGLN 195 

(https://i95.sapos.de) for 8-10 October 2024, as shown in Fig. 1. Both I95 series exhibit consistent 196 

temporal variations and comparable magnitudes, with differences generally below 1 ppm. The 197 

remaining discrepancies can be attributed to differences in station selection and processing mode, 198 

since the present I95 values were derived from post-processed data and a specific station selection, 199 

whereas the LGLN product is generated operationally in real time. The close agreement supports the 200 

consistency of the implemented I95 computation and its ability to characterize the regional residual 201 

ionospheric activity. 202 

Quantile regression analysis 203 



 

 

Quantile regression is used to assess the dependence of NRTK positioning errors on I95 across 204 

different parts of the error distribution. This is of particular relevance because ionospheric 205 

disturbances may affect not only the mean or median positioning error, but also the upper tail 206 

associated with large-error events. In contrast to ordinary least-squares regression, which describes 207 

the conditional mean, quantile regression estimates selected conditional quantiles and thus allows 208 

separate assessment of the low-, median-, and high-error regimes. 209 

For a given quantile level τ∈(0, 1), the conditional quantile model is written as 210 

 ܳ௒(߬ ∣ ܺ) =  211 (7) (߬)ߚ⊤ܺ

where ܳ௒(߬ ∣ ܺ)  denotes the conditional τ-quantile of the dependent variable ܻ  given the 212 

covariates ܺ. The parameter vector is obtained by minimizing the weighted sum of absolute residuals 213 

(߬)ߚ̂  = ఉ݊݅݉݃ݎܽ ∑ ఛ௡௜=1ߩ (ܻ −  214 (8) (ߚ்ܺ

where (ݑ)߬ߩ = ߬)ݑ − ݑ)ܫ < 0)) is the check function and ܫ(⋅) is the indicator function. 215 

Separate quantile regression models are fitted to 2019 and 2024 datasets to characterize the 216 

dependence of NRTK positioning errors on I95 under different ionospheric conditions. For each 217 

quantile level ߬, the conditional quantile of 3D-RMS error is expressed as a function of I95, with the 218 

fitted slope providing a measure of the corresponding error sensitivity. Comparison of the slopes 219 

across quantiles and between years allows the I95 response to be assessed throughout the error 220 

distribution and under comparatively quiet and active ionospheric conditions. 221 

Datasets and processing 222 

The analysis is based on GPS observations from 13 stations of the Hong Kong CORS network, with 223 

inter-station distances of less than 30 km (https://www.geodetic.gov.hk). Owing to its low-latitude 224 

location and pronounced ionospheric variability, the network provides a suitable test environment for 225 

assessing ionospheric effects on NRTK performance. The station distribution is shown in Fig. 2, 226 

where the green markers denote reference stations and the red dot indicates the VRS location for the 227 

illustrated test configuration. A leave-one-out strategy is adopted for the NRTK experiments. Full-228 

year datasets from 2019 and 2024 are considered to represent periods of comparatively low and high 229 

solar and ionospheric activity, respectively. 230 



 

 

 231 

Fig. 2 Geographic distribution of the Hong Kong CORS network. Green triangles denote the reference 232 

stations, and the red circle denotes the VRS location. 233 

Table 1 Processing settings for server-side network estimation and user-side VRS positioning. 234 

Item 
Strategy 

Server-side processing User-side processing 

Station coordinates 
Hong Kong Satellite Positioning Reference Station Network 

(https://www.geodetic.gov.hk/common/data/pdf/SatRef_Coord.pdf) 

GNSS observations GPS L1/L2 observations 

Sampling interval 30s  

Priori observation noise Pseudorange: 0.3 m, carrier-phase: 0.003 m 

Combination mode Ionosphere-free combination 

Cut-off elevation 15° 10° 

Weighting strategy Elevation & SNR-dependent weighting Elevation-dependent weighting 

Carrier-phase ambiguity 
WL-L1 cascade fixing with constants for 

each continuous observation arc 

L1/L2 partial ambiguity fixing; 

ambiguity held constants over each 

continuous tracking arc 

Ionospheric delay 
First-order contribution eliminated, 

higher order terms neglected 

Corrected using a linear interpolation 

model (LIM) 

Tropospheric delay 

Dry Component: modeled by Saastamoinen 

with NMF 

Wet Component: estimated as an hourly 

constant with process noise of 1 cm/√ℎ and 

NMF 

Corrected using a LIM 

Carrier-phase ambiguities are resolved using the least-squares ambiguity decorrelation 235 

adjustment method (LAMBDA, Teunissen 1995). The reliability of ambiguity resolution is assessed 236 

by means of the ratio test, which compares the ambiguity residuals associated with the best and 237 

second-best integer candidates (Teunissen et al. 2004). A solution is accepted as fixed when the 238 

LAMBDA search is successful and the ratio exceeds the adopted threshold of 3.0. The detailed server- 239 

and user-side processing settings are summarized in Table 1. 240 

On the server side, dual-frequency observations from the Hong Kong Satellite Positioning 241 



 

 

Reference Station Network are processed at a sampling rate of 30s, with the published station 242 

coordinates held fixed. The ionosphere-free combination is formed to eliminate the first-order 243 

ionospheric delay, while higher-order ionospheric effects are neglected. The dry tropospheric 244 

component is modeled using the Saastamoinen model together with the Niell Mapping Function 245 

(NMF, Niell., 1996), whereas the wet component is estimated as an hourly constant with a process 246 

noise of 1cm/√ℎ. An elevation cut-off angle of 15° is applied, and the stochastic model is defined as 247 

a function of both satellite elevation and signal-to-noise ratio (SNR). Carrier-phase ambiguities are 248 

resolved using WL/L1 cascade strategy and are maintained as constants within each continuous 249 

observation arc.  250 

User-side positioning is performed in the VRS mode using the same dual-frequency observations 251 

and sampling interval. An elevation cut-off angle of 10° is adopted together with an elevation-252 

dependent weighting stochastic model. The residual ionospheric and tropospheric delays are 253 

corrected using the linear interpolation model derived from the reference network. The L1 and L2 254 

ambiguities are processed using partial ambiguity fixing, and are retained as constants within each 255 

continuous observation arc. 256 

Results and discussion 257 

This section evaluates the dependence of NRTK performance on I95 for the low-latitude Hong Kong 258 

network. The temporal variations in positioning error, ambiguity-fixing rate, and hourly I95 are 259 

compared for 2019 and 2024. The I95-dependent changes in ambiguity resolution, 3D-RMS error, 260 

and conditional error quantiles are then examined. Finally, exceedance probabilities and cumulative-261 

error statistics are combined to derive empirical regional risk intervals. 262 

Relationship between I95 and NRTK performance 263 

The relationship between I95 and NRTK performance is first examined using the horizontal 264 

positioning errors obtained from the leave-one-out solutions. Fig. 3 presents the epoch-wise 265 

horizontal positioning errors for 2019 and 2024. In 2019, the errors are concentrated close to the 266 

coordinate origin, with most solutions remaining at the cm level and only a limited high-error tail. In 267 

2024, the error distribution is markedly broader and contains a substantially larger fraction of high-268 

error samples. The enhanced ionospheric activity in 2024 was accompanied by both increased 269 

positioning errors and reduced solution stability. 270 



 

 

 271 

Fig. 3 Horizontal positioning errors of the NRTK solutions for 2019 and 2024. Individual points 272 

represent epoch-wise east and north errors, while the colored circles indicate selected quantiles of the 273 

radial positioning error. 274 

Fig. 4 shows the user-side ambiguity-fixing rate as a function of day of year (DOY) and UTC 275 

hour. The fixing rate exceeds 90% for approximately 87.8% of the hourly bins in 2019, compared 276 

with only 53.1% in 2024. The 2024 results exhibit extended periods of reduced fixing performance, 277 

particularly around 12:00 UTC. 278 

 279 

Fig. 4 Temporal variation of the user-side NRTK ambiguity-fixing rate for the Hong Kong CORS 280 

network in 2019 and 2024. Values are shown as a function of DOY and UTC hour. 281 

 282 

Fig. 5 Temporal variation of hourly I95 values for the Hong Kong CORS network in 2019 and 2024. 283 



 

 

The hourly I95 values in Fig. 5 provide the ionospheric context for the ambiguity-fixing pattern 284 

shown in Fig. 4. I95 remains mostly below 2 ppm in 2019, consistent with generally high fixing rates. 285 

In contrast, elevated I95 values occur much more frequently in 2024 and are concentrated around 286 

12:00 UTC, where they broadly coincide with reduced ambiguity-fixing performance. This time 287 

corresponds to approximately 20:00 local time in Hong Kong, when post-sunset ionospheric 288 

irregularities associated with the pre-reversal enhancement may become more pronounced at low 289 

latitudes. Since VRS positioning relies on spatially interpolated atmospheric corrections, enhanced 290 

ionospheric variability during these periods may degrade the correction quality and reduce ambiguity-291 

resolution reliability. 292 

 293 

Fig. 6 User-side NRTK ambiguity-fixing rate for different I95 intervals in 2019 and 2024. 294 

For the interval-based analysis shown in Figs. 6 and 7, the I95 values are grouped into bins of 4 295 

ppm. This bin width provides a balance between resolving I95-dependent performance changes and 296 

retaining sufficient samples within each interval. It is also consistent with the 4 ppm reference level 297 

commonly adopted in previous I95-based NRTK studies (Wanninger 2004). 298 

Fig. 6 shows the ambiguity-fixing rate for the individual I95 intervals. In 2019, the fixing rate 299 

decreases gradually with increasing I95, but remains above 82% over the 0–20 ppm range, with no 300 

samples in the above 20 ppm interval. In 2024, the degradation is more pronounced. The fixing rate 301 

is 99.4% in the 0–4 ppm interval, close to the 2019 level, but decreases to 78.8% in the 8–12 ppm 302 

interval and to 37.5% in the above 20 ppm interval. This indicates that ambiguity fixing becomes 303 

increasingly sensitive to ionospheric disturbances when I95 exceeds about 8 ppm, particularly under 304 

the more active ionospheric conditions encountered in 2024. 305 



 

 

 306 

Fig. 7 Distribution of 3D-RMS error positioning errors in 2024 for different I95 intervals. Dashed 307 

vertical lines denote the mean and median values, and dotted lines indicate the 0.1 m reference 308 

threshold. 309 

Fig. 7 is restricted to the 2024 dataset, which covers a wider range of I95 values and thus provides 310 

better sampling of disturbed ionospheric conditions. A 3D-RMS value of 0.1 m is adopted as a 311 

practical reference separating centimeter- and decimeter-level positioning performance. For I95 312 

values below 4 ppm, most errors remain below or close to this level, with a mean value of 0.079 m. 313 

With increasing I95, the distributions shift toward larger errors and become more dispersed. The mean 314 

error reaches 0.330 m for I95 values above 20 ppm, while exceedances of 0.1 m become increasingly 315 

frequent from the 8–12 ppm interval onward. Elevated I95 is associated with both a higher 316 



 

 

characteristic error level and larger dispersion of the positioning solutions. 317 

The concurrent reduction in ambiguity-fixing rate and broadening of the 3D-RMS distribution 318 

are consistent with increased residual ionospheric and spatial-interpolation errors under disturbed 319 

conditions. At low I95, these residuals contribute only marginally to the user error budget. At elevated 320 

I95, however, enhanced spatial variability reduces the representativeness of the interpolated 321 

corrections and increases the likelihood of degraded positioning performance. The interval-based 322 

analysis identifies the I95 ranges over which this degradation becomes apparent, but does not reveal 323 

whether the response is uniform throughout the error. 324 

Quantile regression is thus employed to characterize the conditional error response. The selected 325 

quantiles, τ = 0.05, 0.33, 0.50, 0.67, and 0.95, represent the lower tail, lower-middle range, median, 326 

upper-middle range, and upper tail of the 3D-RMS distribution, respectively. This selection enables 327 

the sensitivity of both typical and extreme positioning errors to I95 to be assessed. The fitted 328 

relationships for 2019 and 2024 are shown in Fig. 8. For each quantile, the slope β denotes the change 329 

in the corresponding conditional quantile of 3D-RMS per unit increase in I95. 330 

 331 

Fig. 8 Quantile regression of 3D-RMS error positioning error as a function of I95 for 2019 and 2024. 332 

All fitted slopes in 2024 are positive and increase from β = 0.0018 at τ = 0.05 to β = 0.0153 at τ 333 

= 0.95. The upper-tail slope is approximately 8.5 times the lower-tail slope, indicating that the 334 

dependence on I95 is concentrated in the upper part of the conditional error distribution rather than 335 

represented by a uniform shift of all error levels. Positive slopes are also obtained for 2019, although 336 

their increase toward the upper tail is less pronounced. At τ = 0.95, the 2019 slope amounts to 0.0052, 337 

corresponding to about one third of the 2024 value. At τ = 0.05, by contrast, the 2019 slope of 0.0020 338 

slightly exceeds the corresponding 2024 value of 0.0018. The enhanced response in 2024 is confined 339 



 

 

mainly to the middle and upper quantiles. This behavior is consistent with the broader range and more 340 

frequent occurrence of disturbed conditions in 2024, although the year-to-year comparison alone does 341 

not establish a causal effect of solar activity. 342 

Table 2 Quantile-regression slopes relating 3D-RMS error to I95 in 2019 and 2024.  343 

τ 
2019 2024 

Ratio ࢼ૛૙૛૝/ࢼ૛૙૚ૢ 
β 95% CI β 95% CI 

0.05 0.002009 (0.001909, 0.002109) 0.001811 (0.001724, 0.001878) 0.90 

0.33 0.001644 (0.001548, 0.001747) 0.006484 (0.006359, 0.006621) 3.94 

0.5 0.002505 (0.002376, 0.002621) 0.008979 (0.008846, 0.009102) 3.58 

0.67 0.003841 (0.003726, 0.003935) 0.011391 (0.011255, 0.011510) 2.97 

0.95 0.005239 (0.005008, 0.005463) 0.015271 (0.014954, 0.015634) 2.91 

The numerical results in Table 2 confirm a positive association between I95 and positioning error 344 

at all considered quantiles. The confidence intervals remain above zero in both years. For the middle 345 

and upper quantiles, the intervals are clearly separated, indicating a substantially stronger I95 346 

dependence in 2024. At τ=0.95, the 2024 slope is about three times the 2019 value. At τ = 0.05, 347 

however, the ordering is reversed, with the 2024 confidence interval lying below that of 2019. A 348 

formal comparison of the regression coefficients would be required to establish the statistical 349 

significance of the interannual slope differences at each quantile. The interval-based and quantile-350 

regression results demonstrate that I95 characterizes both ambiguity-resolution reliability and the 351 

susceptibility of NRTK solutions to large positioning errors. These results provide the basis for the 352 

empirical regional performance intervals derived in the following subsection. 353 

Empirical I95-based regional risk classification 354 

To derive operationally interpretable I95 intervals, two complementary user-domain indicators are 355 

analyzed jointly: the exceedance probability of 3D-RMS > 10 cm, which characterizes the frequency 356 

of degraded solutions, and the cumulative positioning error normalized by baseline length, which 357 

reflects the magnitude and dispersion of the error response. 358 

 359 



 

 

Fig. 9 Exceedance probability of 3D-RMS error above 10 cm as a function of I95 in 2024. The left 360 

panel shows the binned exceedance rate with 95% confidence intervals, the middle panel shows the 361 

fitted exponential saturation model, and the right panel gives the sample count in each I95 bin. 362 

Fig. 9 shows the probability of 3D-RMS exceeding 10 cm as a function of I95 for 2024. The 363 

exceedance probability increases from 11.32% in the 0–1 ppm bin to 88.52% for I95 values above 20 364 

ppm. The increase is most pronounced at low and moderate I95 levels and gradually weakens toward 365 

higher values, indicating a saturation-type response that is adequately represented by the fitted 366 

exponential model. The confidence intervals remain narrow over most of the I95 range, owning to 367 

the large number of epoch-wise samples available in each bin. According to the fitted relation, 368 

exceedance probabilities of 40%, 60%, and 80% are reached at I95 values of approximately 4.16, 369 

8.28, and 14.83 ppm, respectively. The lower bounds of the corresponding 95% confidence intervals 370 

first exceed these probability levels in the 4–5, 8–9, and 15–16 ppm bins.  371 

 372 

Fig. 10 Cumulative positioning error normalized by baseline length as a function of I95 in 2024. 373 

Markers indicate the mean and median values for each I95 bin, and the shaded band denotes the ±1 374 

standard deviation range. 375 

Fig. 10 shows the baseline-normalized cumulative positioning error for the same I95 intervals. 376 

The mean value increases from 0.07 cm/km in the 0–1 ppm interval to 1.56 cm/km for I95 values 377 

above 20 ppm, while the median rises from 0.05 to 1.11 cm/km. The dispersion likewise increases, 378 

with the standard deviation growing from 0.33 to 1.71 cm/km. Only limited changes are observed 379 

below 4 ppm, whereas a more pronounced increase occurs for 4–10 ppm and continues over the 10–380 

16 ppm range. Above 16 ppm, both the magnitude and dispersion of the cumulative error remain high. 381 

Increasing I95 is associated not only with a higher probability of exceeding the 10 cm error threshold, 382 

but also with a systematic increase in the magnitude and variability of the positioning error. 383 

The boundaries near 4, 10, and 16 ppm are selected from the combined behavior of the two 384 



 

 

indicators. The first boundary, near 4 ppm, marks the onset of sustained degradation: the fitted 385 

exceedance probability reaches 40% at approximately 4.16 ppm, the lower confidence bound first 386 

exceeds 40% in the 4–5 ppm interval, and the cumulative error begins to increase more persistently 387 

beyond this range. The second boundary, near 10 ppm, lies within the transition from approximately 388 

60% to 70% exceedance probability and coincides with a further rise in cumulative error. The third 389 

boundary, near 16 ppm, marks severe degradation: the fitted exceedance probability approaches 80%, 390 

the lower confidence bound exceeds this level in the 15–16 ppm interval, and both the magnitude and 391 

dispersion of the cumulative error remain high. Accordingly, the intervals below 4, 4–10, 10–16, and 392 

above 16 ppm can be adopted as empirical performance regimes for the Hong Kong network, rather 393 

than sharp physical thresholds. 394 

Table 3 Empirical I95 intervals and associated NRTK performance characteristics for the Hong Kong 395 

low-latitude network. 396 

Risk Level Low Moderate High Extreme 

I95 range (ppm) ＜4 4-10 10-16 ＞16 

Cumulative error per 

km (cm/km) 

median < 0.2 

mean < 0.4 

median 0.2–0.5 

mean 0.4–0.8 

median 0.5–0.8 

mean 0.8–1.2  

median 0.8–1.2 

mean 1.2–1.6  

Ambiguity-fixing rate > 95% 80%–95% 60%–80% < 60% 

Exceedance probability 

of 3D-RMS > 10 cm 
< 40% 40%-70% 70%-80% > 80% 

Table 3 summarizes the four I95 intervals and the associated ambiguity-fixing, exceedance-397 

probability, and cumulative-error characteristics. Since the boundaries are derived from the observed 398 

user-domain response, they should be considered as empirical thresholds calibrated for the Hong 399 

Kong network. 400 



 

 

 401 

Fig. 11 Cross-year consistency check of the I95-based performance assessment using the 2019 data. 402 

The panels show the exceedance probability of 3D-RMS errors above 10 cm, the exponential 403 

saturation fit, the cumulative positioning error per kilometer of baseline, and the sample count for 404 

each I95 bin. 405 

Fig. 11 provides a cross-year assessment using the 2019 dataset, which represents quieter solar 406 

and ionospheric conditions. The exceedance probability increases from 8.62% in the 0–1 ppm interval 407 

to 74.60% in the 15–16 ppm interval, while the mean error rises from 0.3871 to 1.42 cm/km. The 408 

fitted probability levels of 40%, 50%, 60%, and 70% are reached at approximately 8.32, 10.56, 13.79, 409 

and 17.10 ppm, respectively. Compared with 2024, the response is weaker and shifted toward higher 410 

I95 values. The general ordering of the performance regimes is preserved. However, the limited high-411 

I95 samples in 2019 provides stronger evidence for the intervals below 16 ppm than for the regime 412 

above 16 ppm. This is consistent with the lower occurrence of strongly disturbed intervals during 413 

periods of weaker solar activity.  414 

The proposed classification is calibrated for the Hong Kong low-latitude network, but cannot be 415 

considered as a general standard for NRTK services. Its applicability to mid- and high-latitude regions, 416 

as well as to networks with different station spacings, geometries, observation environments, and 417 

processing strategies, remains to be investigated. Nevertheless, the analysis framework can be 418 

transferred to other regional networks to derive locally calibrated I95 performance intervals, provided 419 

that sufficiently long datasets covering representative ionospheric conditions are available. 420 



 

 

Conclusions 421 

This study investigated the use of I95 as a residual-based indicator of NRTK positioning degradation 422 

in a low-latitude regional network. Full-year GPS observations from the Hong Kong CORS network 423 

in 2019 and 2024 were processed using a leave-one-out VRS strategy. The resulting I95 values were 424 

compared with user-side ambiguity fixing, 3D positioning errors, exceedance probabilities, and 425 

cumulative positioning errors. 426 

NRTK performance deteriorated systematically with increasing I95. In 2019, I95 remained low 427 

for most of the year, ambiguity-fixing rates were generally high, and positioning errors were largely 428 

confined to the centimeter level. In 2024, elevated I95 values were associated with lower ambiguity-429 

fixing rates and broader error distributions. The quantile regression results further showed that the 430 

dependence on I95 increased toward the upper tail of the positioning error distribution. Residual 431 

ionospheric activity therefore affected primarily the occurrence and magnitude of large-error events 432 

rather than producing only a shift in the average error level. 433 

Based on the probability of 3D positioning errors exceeding 10 cm and the cumulative 434 

positioning error normalized by baseline length, four empirical I95 performance regimes were 435 

identified for the Hong Kong network: <4, 4-10, 10-16, and >16 ppm. These intervals characterize 436 

conditions ranging from generally stable NRTK performance to substantially reduced ambiguity-437 

fixing reliability and frequent dm-level errors. The analysis of the 2019 data preserved the general 438 

ordering of these regimes, although the response was weaker and the number of samples at high I95 439 

values was limited. 440 

The derived intervals are specific to the Hong Kong low-latitude network and should not be 441 

interpreted as overall NRTK warning thresholds. Their applicability to other regions requires further 442 

verification. Longer observation records and independent regional datasets will be required to assess 443 

the robustness and transferability of the proposed classification under a broader range of ionospheric 444 

conditions. 445 

 446 
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