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Abstract 31 

Near-rupture GNSS stations on the Tibetan Plateau are commonly installed after 32 

large earthquakes because continuous pre-earthquake coverage is sparse. The absence of 33 

pre-seismic records at these stations challenges the separation of complex and entangled 34 

postseismic decay deformation from e.g., background linear trends, regional seasonal 35 

variations and other noises. Here, we apply the variational Bayesian independent 36 

component analysis (vbICA) approach to postseismic GNSS (19 continuous GNSS 37 

stations installed before and 13 installed after the earthquake) time series following the 38 

2021 Mw 7.4 Maduo earthquake. To do so, we first process the 19 GNSS time series by 39 

identifying the coseismic, non-tectonic offsets and estimate the long-term linear trend, 40 

and then removed them both. We then apply vbICA to disentangle the residual time series 41 

to obtain postseismic transient and regional seasonal components from other noises. We 42 

further use the Kriging method to interpolate the linear trend and seasonal components 43 

estimated from the 19 continuous stations to the 13 stations installed after the earthquake, 44 

and remove them from the time series. Finally, we apply vbICA to all the residual time 45 

series to extract the postseismic deformation pattern. To maximize the postseismic 46 

deformation extraction, we apply vbICA to horizontal and vertical components separately 47 

for the strike-slip Maduo earthquake, with horizontal movement dominating the 48 

postseismic deformation field. Our results show that the horizontal component of 49 

postseismic deformation illuminates exponential shape transient with rapid decaying rate 50 

within a year and then progressively to a consistent rate during the observational time 51 

period; in contrast, the vertical component does not show such a clear transient feature. 52 

Our results underscore that the vbICA approach disentangles postseismic deformation 53 

pattern from an observational work, potentially offering an improved solution for 54 
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studying postseismic relaxation processes that are happening in both continents and 55 

subduction zones. 56 

 57 
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 62 

1. Introduction 63 

The convergence between the Indian and Eurasian plates has formed the Tibetan 64 

Plateau as a typical intracontinental collisional orogen, where large-scale uplift and 65 

crustal shortening record the long-term tectonic consequences of Cenozoic continental 66 

collision (Molnar & Tapponnier, 1975; Yin & Harrison, 2000; Tapponnier et al., 2001). 67 

Under continued convergence and intracontinental tectonic adjustment, a series of major 68 

active faults have developed within and around the plateau, closely associated with the 69 

present-day distribution of large earthquakes and regional strain field (Taylor & Yin, 70 

2009). GNSS observations can provide essential constraints for understanding kinematic 71 

deformation of the Tibetan Plateau and the physical properties of the lithosphere 72 

(Bürgmann & Thatcher, 2013; Bock & Melgar, 2016; Wang & Shen, 2020; Wang et al., 73 

2021). Latest GNSS velocity fields showed that present-day crustal motion across the 74 

Tibetan Plateau is characterized by spatially heterogeneous deformation involving block 75 

motion and crustal shortening (e.g., Zhang et al., 2004; Gan et al., 2007; Wang & Shen, 76 

2020). In the case of large earthquakes, GNSS observations offered direct constraints for 77 
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characterizing fault slips and the viscoelastic response of the lower crust and upper mantle, 78 

for example, the 2001 Kokoxili Mw 7.8 earthquake (Ryder et al., 2011), the 2008 Mw 7.9 79 

earthquake (Wang et al., 2021), and the 2015 Gorkha (Nepal) Mw7.8 earthquake (Liu‐80 

Zeng et al., 2020). 81 

GNSS coverage is sparse across the Tibetan Plateau and stations close to earthquake 82 

ruptures were very limited. New GNSS stations may be deployed after an earthquake to 83 

improve the spatial coverage for constraining detailed characterization of early 84 

postseismic displacement evolution (Liu-Zeng et al., 2020), but data records usually begin 85 

several days to weeks after the event. Postseismic GNSS coordinate time series may 86 

contain seasonal displacements, coordinate offsets, and colored noise that overlap with 87 

postseismic decay deformation and complicate identification of the target signal (Dong et 88 

al., 2002; Williams et al., 2004). The lack of pre-seismic data at newly deployed stations 89 

makes it elusive to accurately isolate transient post-seismic deformation from background 90 

linear trends and seasonal variations (Liu-Zeng et al., 2020). Some studies use 91 

conventional single-station trajectory models that jointly fit long-term linear trends, 92 

coordinate offsets, annual and semiannual harmonic terms, and empirical exponential or 93 

logarithmic functions describing postseismic decay (Nield et al., 2023). Singular 94 

spectrum analysis, Kalman filtering, and wavelet decomposition have also been 95 

developed to model seasonal signals with interannual variations in amplitude and phase 96 

(Klos et al., 2018). Fixed harmonic terms assume stable seasonal amplitudes and phases, 97 

whereas background trends and seasonal terms cannot be independently estimated from 98 

the postseismic record alone at stations without pre-seismic observations; the precision 99 

of time-varying seasonal estimates is further affected by observation span and time-100 
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correlated noise (Klos et al., 2018; Liu-Zeng et al., 2020). Identifying common temporal 101 

variations and their spatial patterns in multi-station GNSS time series, isolating the 102 

seasonal components, and using them to reconstruct seasonal displacements and correct 103 

postseismic records at stations deployed after an earthquake can reduce seasonal 104 

contamination in the extraction of postseismic decay signals (Gualandi et al., 2016; Liu-105 

Zeng et al., 2020). 106 

The 2021 Mw 7.4 Maduo earthquake ruptured the Jiangcuo Fault within the Bayan 107 

Har block in the northeast Tibetan Plateau, producing a ~158-km-long surface rupture 108 

and complex rupture behavior involving branching, propagation, and termination (Liu-109 

Zeng et al., 2022, 2024; Yao et al., 2024). Existing InSAR-based and multi-source studies 110 

have constrained the coseismic rupture process, the three-dimensional coseismic 111 

displacement field, and the distribution of early postseismic deformation, yielding a well-112 

resolved spatial deformation pattern for the Maduo region (Jin & Fialko, 2021; Xiong et 113 

al., 2022; Jin et al., 2023; Xu et al., 2023; Tian et al., 2024; Li et al., 2025). Continuous 114 

GNSS time series, in turn, record the temporal evolution of three-dimensional station 115 

displacements, making the reliable extraction of postseismic transients from these records 116 

essential for characterizing postseismic deformation. 117 

To accurately extract postseismic decay signals following the 2021 Maduo 118 

earthquake, we combined data from long-running stations with pre-seismic records and 119 

stations installed after the earthquake. We first introduce the GNSS data set, data 120 

processing, time series modeling, and a signal-separation strategy based on variational 121 

Bayesian independent component analysis. We then apply this method to position time 122 

series from the long-running stations to extract regional seasonal components and correct 123 
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post-seismic position time series. Postseismic decay signals are then extracted from the 124 

seasonally corrected three-dimensional GNSS time series. The stability of the extracted 125 

signals is evaluated by comparing results obtained using different decomposition schemes 126 

and by examining their agreement with previously published deformation results. Finally, 127 

we discuss the applicability and limitations of this processing approach for postseismic 128 

GNSS time-series analysis on the Tibetan Plateau. 129 

To accurately extract postseismic decay signals following the 2021 Maduo 130 

earthquake, we combined data from continuous GNSS stations installed before and after 131 

the earthquake. We first introduce the GNSS data set, data processing and a signal-132 

separation strategy based on variational Bayesian independent component analysis 133 

(vbICA). We then apply this method separately to the preprocessed east, north, and 134 

vertical position time series spanning the pre-earthquake and postseismic intervals at the 135 

continuous stations installed before the earthquake to identify and extract regional 136 

seasonal components, which are used to correct the corresponding postseismic GNSS 137 

time series. We subsequently apply vbICA separately to the seasonally corrected east, 138 

north, and vertical GNSS time series to extract postseismic decay deformation. The 139 

stability of the extracted signals is evaluated by comparing the separately obtained east, 140 

north, and vertical results with those from the joint three-component decomposition and 141 

by examining their agreement with previously published deformation results. Finally, we 142 

discuss the applicability and limitations of this processing approach for postseismic 143 

GNSS time-series analysis on the Tibetan Plateau. 144 

 145 
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2. Data and signal extraction method 146 

2.1 GNSS data and processing 147 

Before the 2021 Mw 7.4 Maduo earthquake, continuous GNSS coverage around the 148 

Jiangcuo Fault and its surrounding region was insufficient to fully capture the spatial 149 

variability of three-dimensional postseismic displacement, particularly in the near field. 150 

To improve continuous displacement observations in the rupture region, we installed 12 151 

continuous GNSS stations within approximately 40 km of the coseismic surface rupture 152 

and one far-field station, QSHZ, approximately 90 km south of the surface rupture. The 153 

new stations were installed progressively between two weeks and one month after the 154 

mainshock. Six stations are installed on bedrock, whereas seven are installed on four-155 

legged braced monuments. The available observations from these stations collectively 156 

span approximately two years of the postseismic period, although observation spans and 157 

data continuity vary among stations; subsequent time-series analysis uses the available 158 

records at each station. In addition, we collected observations from 19 continuous GNSS 159 

stations within approximately 500 km of the epicenter (Fig. 1), including 11 stations from 160 

the Crustal Movement Observation Network of China and 8 stations from the Qinghai-161 

CORS network. Their records span 1 January 2017 to 1 June 2023. Several Qinghai-162 

CORS stations contain data gaps over limited intervals; however, the available records 163 

cover the periods required to characterize background variations before the earthquake 164 

and postseismic deformation. 165 

 166 

Fig. 1. Tectonic setting of the 2021 Mw 7.4 Maduo earthquake and distribution of 167 
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continuous GNSS stations. Red and black triangles denote stations installed before and 168 

after the earthquake, respectively. Circles show aftershocks, coloured by focal depth. The 169 

beachball denotes the focal mechanism, and the star marks the epicentre. The red trace 170 

shows the mapped coseismic surface rupture, and grey lines denote major active faults. 171 

The inset shows major active faults and schematic block rotations across the Tibetan 172 

Plateau, modified after Tapponnier et al. (2001) and Avouac and Tapponnier (1993). ATF, 173 

Altyn Tagh Fault; HF, Haiyuan Fault; KF, Kunlun Fault; XSHF, Xianshuihe Fault. 174 

 175 

We processed raw GNSS observations using GAMIT/GLOBK 10.71 (Herring et al., 176 

2018). Each daily GAMIT solution jointly included the regional stations and 21 IGS 177 

stations (Fig. S1) distributed around the study area. Ionosphere-free, double-differenced 178 

carrier-phase observations were used to estimate station coordinates, satellite orbital 179 

parameters, zenith tropospheric delays, horizontal gradients, and phase ambiguities, 180 

yielding daily loosely constrained regional solutions and their associated covariance 181 

matrices. We used VMF1 mapping functions for the hydrostatic and wet tropospheric 182 

delays, estimated zenith delays at 2-h intervals and two horizontal-gradient parameters 183 

per day, and applied solid Earth tide, frequency-dependent tide, and pole-tide corrections 184 

in accordance with the IERS 2010 conventions (Böhm et al., 2006; Petit and Luzum, 185 

2010). Ocean-tide loading was corrected using the FES2004 model (Lyard et al., 2006). 186 

After combining the daily regional solutions in GLOBK, GLORG used the a priori 187 

coordinates and velocities of the 21 IGS stations from the IGb14 realization to stabilize 188 

the solutions in the ITRF2014 reference frame (Altamimi et al., 2016; Rebischung et al., 189 

2016). Finally, we transformed the resulting geocentric coordinates into local east, north, 190 
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and up components to obtain daily GNSS position time series for subsequent 191 

preprocessing and signal separation. 192 

Prior to extracting postseismic deformation, the raw GNSS coordinate time series 193 

were preprocessed to remove coordinate offsets and long-term linear trend. For stations 194 

installed before the earthquake, the most prominent offsets are coseismic displacements 195 

of the 2021 Maduo earthquake. They were estimated from the difference between the 196 

mean positions over the three days immediately before and after the earthquake. 197 

Coordinate offsets can also be caused by non-tectonic factors, such as station maintenance, 198 

equipment changes, and antenna-height changes. Such offsets were estimated according 199 

to the station logs and antenna-height records in the RINEX observation files. We 200 

estimated linear velocities for the pre-seismic stations using four years of pre-earthquake 201 

observations with Hector software (Bos et al., 2013). We adopted a combination of power-202 

law and white noise models (PLWN) to account for temporally correlated noise in the 203 

velocity estimates and their associated uncertainties (Stamps & Kreemer, 2024). The 204 

velocity estimates from the 19 pre-seismic stations define the background velocity field. 205 

We used Kriging to interpolate this field to the 13 stations installed after the earthquake 206 

(Fig. 2; Cressie, 1993; Gualandi et al., 2017). We removed all coordinate offsets and the 207 

long-term linear trend from each component of the station position time series. The 208 

resulting preprocessed east, north, and vertical GNSS position time series were used 209 

separately as input for subsequent postseismic deformation separation (Fig. S2). 210 

 211 

Fig. 2. Long-term GNSS velocity field and Kriging-interpolated background velocities 212 

used for time-series detrending. (a) Horizontal velocity field. (b) Vertical velocity field. 213 
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Red vectors denote velocities estimated at continuous GNSS stations installed before the 214 

earthquake, whereas black vectors denote background velocities interpolated by Kriging 215 

at stations installed after the earthquake. Red and black triangles identify the 216 

corresponding station groups. Vector scales are shown in the lower-left corner of each 217 

panel. In panel (b), upward and downward arrows indicate positive and negative vertical 218 

velocities, respectively. 219 

 220 

2.2 vbICA-based post-seismic signal extraction 221 

We apply variational Bayesian independent component analysis (vbICA; Choudrey, 222 

2002) to separate the components associated with postseismic decay deformation from 223 

the preprocessed GNSS time series. vbICA is a blind source separation method that 224 

represents the GNSS observations as a linear combination of statistically independent 225 

components without prescribing the temporal functions or spatial patterns of the 226 

underlying signals. Each independent component is characterized by a temporal function, 227 

a spatial response, and an associated weight, allowing components with distinct 228 

spatiotemporal characteristics to be isolated from the position time series of multi-station 229 

GNSS observations. In contrast to principal component analysis (PCA), which is based 230 

on variance maximization and orthogonal decomposition, independent component 231 

analysis (ICA) emphasizes statistical independence among source signals. In the 232 

variational Bayesian framework, Automatic Relevance Determination (ARD) provides a 233 

statistical constraint on the number of retained components, but the final selection also 234 

requires consideration of the temporal functions, spatial responses, and physical 235 

interpretability of the components (Choudrey, 2002; Gualandi et al., 2016, 2017). 236 

Because linear trends and coseismic offsets can influence the ARD constraint and 237 

complicate component interpretation, we use the preprocessed time series described in 238 

Section 2.1 as input for signal separation. 239 

For each east, north, and vertical analysis, we arrange the preprocessed GNSS 240 

position time series from individual stations into an observation matrix and decompose it 241 

using the following linear mixing model: 242 
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Xெ×் ≈ Uெ×ோSோ×ோ ோܸ×்்  243 

where ܺ is an ܯ × ܶ matrix containing the GNSS displacement time series, ܯ is the 244 

number of input station time series, ܶ is the number of observation epochs, and ܴ is 245 

the number of retained independent components. Matrix ܷ  represents the spatial 246 

response of each independent component at the stations for the analysed coordinate 247 

component, ்ܸ  contains the corresponding temporal functions, and ܵ  is a diagonal 248 

weight matrix that quantifies the contribution of each independent component to the 249 

reconstructed displacement time series. The temporal functions and spatial responses are 250 

dimensionless, whereas the weights are expressed in units of displacement. For the joint 251 

three-component comparison, the east, north, and vertical time series are stacked as 252 

separate input series in the same formulation. This formulation reconstructs the 253 

displacement time series at each station for a given coordinate component from a finite 254 

number of independent components, their temporal functions, spatial responses, and 255 

weights. 256 

Before extracting postseismic decay deformation, we corrected the east, north, and 257 

vertical GNSS position time series separately for regional seasonal variations. Seasonal 258 

displacement is one of the major non-tectonic components in GNSS position time 259 

series. It commonly appears as spatially coherent periodic variations, although its 260 

amplitude, phase, and spatial response may vary with environmental conditions, 261 

surface-loading processes, and station location (Dong et al., 2002; Larochelle et al., 262 

2018; Yan et al., 2019). Uncorrected seasonal variations can affect the identification of 263 

postseismic decay deformation. This effect is particularly pronounced in the vertical 264 

component, which is more strongly affected by surface loading and generally has larger 265 

observational uncertainties and stronger noise (Fu and Freymueller, 2012; Santamaría-266 

Gómez et al., 2011). Conventional single-station trajectory models commonly represent 267 

seasonal displacements using prescribed annual and semiannual terms; however, such 268 

parameterizations may not fully capture interannual variations and can become less 269 

stable for short observation records (Bevis and Brown, 2014; Bos et al., 2013; Kłos et 270 

al., 2018). 271 

Although vbICA can in principle separate seasonal and postseismic components in 272 

a single decomposition when their temporal functions and spatial responses are 273 

sufficiently distinct and the postseismic signal is strong relative to seasonal variations and 274 

residual noise, these conditions are more difficult to satisfy at stations installed after the 275 

earthquake. Their available postseismic records are relatively short and contain data gaps 276 
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at some sites, while seasonal variations and postseismic decay deformation overlap within 277 

the same observation interval. In contrast, the pre-earthquake portions of the preprocessed 278 

time series from the 19 continuous stations installed before the earthquake contain 279 

repeated seasonal cycles without postseismic decay deformation associated with the 280 

Maduo earthquake. These records provide more stable constraints on regional common 281 

seasonal components and their spatial responses. We use the identified components to 282 

reconstruct the postseismic seasonal displacement time series at all stations, including 283 

those installed after the earthquake, and subtract the reconstructed seasonal time series 284 

from the corresponding postseismic GNSS position time series to reduce seasonal 285 

contamination in the subsequent extraction of postseismic decay deformation (Gualandi 286 

et al., 2017; Liu-Zeng et al., 2020). 287 

We applied vbICA separately to the preprocessed east, north, and vertical GNSS 288 

position time series during the pre-earthquake interval at the 19 continuous GNSS stations 289 

to identify regional common components. We used the ARD curves and explained 290 

variance as initial statistical guidance for selecting the retained independent components, 291 

and we examined their temporal functions and spatial responses to characterize the 292 

separated signals. We identified the principal seasonal components from their spectral 293 

characteristics, temporal evolution, and spatial responses. Using a 365-day stacking 294 

procedure, we extended the temporal functions of the selected seasonal components to 295 

the two-year postseismic interval (Gualandi et al., 2017). For the 19 continuous stations, 296 

we directly reconstructed the postseismic seasonal displacement time series from the 297 

extended temporal functions, spatial responses, and weights of the selected components. 298 

For stations installed after the earthquake, we first interpolated the spatial responses of 299 

the selected seasonal components to the station locations using Kriging (Cressie, 1993) 300 

and then combined them with the corresponding extended temporal functions and weights 301 

to reconstruct the postseismic seasonal displacement time series. We subtracted the 302 

reconstructed seasonal time series from the preprocessed postseismic east, north, and 303 

vertical GNSS position time series at all stations to obtain seasonally corrected time series 304 

for subsequent postseismic deformation extraction. 305 

We then applied vbICA separately to the seasonally corrected east, north, and 306 

vertical GNSS position time series from all 32 stations to extract postseismic decay 307 

deformation associated with the 2021 Mw 7.4 Maduo earthquake. The analysis window 308 

for each directional decomposition extended from approximately one month before the 309 

earthquake to 23 May 2023. The short pre-earthquake segment provided a temporal 310 

reference for evaluating whether the temporal functions changed at the earthquake epoch. 311 
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For the present data set, we selected the duration of this segment by considering the length 312 

and completeness of the available postseismic records. Because stations installed after the 313 

earthquake have no observations before the earthquake, extending this segment would 314 

increase the proportion of missing entries in the input matrix for each directional analysis. 315 

We did not identify components associated with postseismic deformation from the ARD 316 

results alone. Instead, we jointly evaluated their temporal functions, spatial responses, 317 

and reconstructed station time series, including whether the temporal functions showed a 318 

post-earthquake decay pattern, whether the spatial responses were compatible with 319 

deformation in the epicentral and coseismic rupture zones, and whether the reconstructed 320 

time series captured the principal postseismic changes at individual stations. We used the 321 

selected components to reconstruct the east, north, and vertical postseismic deformation 322 

time series separately. 323 

 324 

3. Results 325 

3.1 Identification and correction of regional seasonal components 326 

Separate vbICA decompositions of the preprocessed east, north, and vertical GNSS 327 

position time series during the pre-earthquake interval at the 19 continuous GNSS 328 

stations retained three, two, and two independent components, respectively, based on 329 

the ARD curves and cumulative explained variance (Figs. S3, S5, and S7). The 330 

temporal functions and spatial responses of the retained components are shown in Figs. 331 

3-5. In each directional decomposition, the temporal functions and spatial responses are 332 

dimensionless, whereas the value denoted by S is the component-specific scaling factor 333 

used to reconstruct station displacement time series and is expressed in millimetres. 334 

The east-component decomposition identified IC3 as the principal seasonal 335 

component. Its temporal function exhibits recurrent annual behavior during the pre-336 

earthquake interval and the strongest spectral power near 1 yr−1 among the retained 337 

east-component ICs (Fig. S4). The two retained north-component ICs both show 338 

periodic temporal variations and discernible annual spectral power (Figs. 4 and S6). In 339 

the vertical component, the two retained ICs exhibit repeated periodic variations, with 340 

spatial responses that differ among stations but retain a coherent regional pattern (Fig. 341 

5; Fig. S8). The temporal functions of these selected components were extended to the 342 

postseismic interval using the 365-day stacking procedure. Components without 343 
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sustained periodic temporal behavior or with spatial responses dominated by local 344 

differences were not included in the seasonal reconstruction. 345 

 346 

Fig. 3. Separate vbICA decomposition of the preprocessed east-component GNSS position time 347 

series during the pre-earthquake interval. Panels (a)-(c) show the spatial responses and temporal 348 

functions of IC1-IC3, respectively, obtained from the 19 continuous GNSS stations. Open circles 349 

denote stations used in the initial decomposition, and blue triangles denote stations installed after the 350 

earthquake, where the spatial responses were obtained by Kriging interpolation. Black and cyan 351 

segments show the temporal functions estimated during the pre-earthquake interval and their 365-352 

day-stacked extensions over the postseismic interval, respectively. The red star marks the epicentre 353 

of the 2021 Mw 7.4 Maduo earthquake. Red dashed lines denote the mapped coseismic surface 354 

rupture in the maps and the earthquake epoch in the temporal-function plots. Arrows show east-355 

component spatial responses, and the reference vector is given in each map. S is the component-356 

specific scaling factor used to reconstruct station displacement time series and is expressed in 357 

millimetres. 358 

 359 

Fig. 4. Separate vbICA decomposition of the preprocessed north-component GNSS position time 360 

series during the pre-earthquake interval. Panels (a) and (b) show IC1 and IC2, respectively. The 361 

spatial responses and temporal functions are arranged as in Fig. 3; arrows show north-component 362 

spatial responses. All symbols and line styles are defined in Fig. 3. 363 

 364 

Fig. 5. Separate vbICA decomposition of the preprocessed vertical-component GNSS position time 365 

series during the pre-earthquake interval. Panels (a) and (b) show IC1 and IC2, respectively. The 366 

spatial responses and temporal functions are arranged as in Fig. 3; upward and downward arrows 367 

show positive and negative vertical spatial responses. All symbols and line styles are defined in Fig. 368 

3. 369 

 370 

We reconstructed the postseismic seasonal displacement time series separately for 371 

the east, north, and vertical components at all stations using the selected seasonal ICs. For 372 

the 19 continuous stations, the reconstruction directly combines the extended temporal 373 

functions with the corresponding spatial responses and scaling factors. For stations 374 

installed after the earthquake, we interpolated the spatial responses of the selected 375 

seasonal components to the station locations using Kriging before reconstruction. The 376 
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cyan segments in Figs. 3-5 show the extended seasonal temporal functions, and the 377 

responses shown at stations installed after the earthquake represent the interpolated 378 

spatial patterns used for reconstruction. Subtracting the reconstructed seasonal time series 379 

from the preprocessed postseismic GNSS position time series yielded seasonally 380 

corrected east, north, and vertical time series for the subsequent extraction of postseismic 381 

decay deformation. 382 

3.2 Extraction of three-dimensional postseismic decay signals 383 

Following seasonal correction, we applied vbICA separately to the east, north, and 384 

vertical GNSS position time series from all 32 stations to extract postseismic decay 385 

deformation associated with the 2021 Mw 7.4 Maduo earthquake. The ARD curves and 386 

cumulative explained variance supported retaining two independent components for the 387 

east component and three independent components for both the north and vertical 388 

components (Figs. S9-S11). The temporal functions and spatial responses of the retained 389 

components are shown in Figs. 6-8. 390 

In the east-component decomposition, IC1 showed a clear onset at the earthquake 391 

epoch, followed by rapid postseismic change and a progressively decreasing rate of 392 

change. Its spatial responses were concentrated around the epicentral area and the 393 

coseismic rupture zone (Fig. 6a). IC2 showed irregular temporal variations without a 394 

sustained postseismic decay pattern and did not show a corresponding spatial 395 

concentration (Fig. 6b). We therefore used the IC1 from the east-component 396 

decomposition to reconstruct the east postseismic decay deformation time series at all 397 

stations. In the north-component decomposition, IC1 exhibited a postseismic decay 398 

pattern and spatial responses concentrated near the rupture zone (Fig. 7a), whereas IC2 399 

and IC3 lacked a stable postseismic decay pattern and showed more spatially variable 400 

responses (Figs. 7b and 7c). We used the IC1 from the north-component decomposition 401 

to reconstruct the north postseismic decay deformation time series. 402 

 403 

Fig. 6. Separate vbICA decomposition of the seasonally corrected east-component GNSS position 404 

time series for postseismic deformation extraction. Panels (a) and (b) show IC1 and IC2, respectively. 405 

Each panel contains the spatial response U in the upper map and the corresponding temporal function 406 

V in the lower plot. Open circles and blue triangles denote continuous GNSS stations installed before 407 

and after the earthquake, respectively. The red star marks the epicentre of the 2021 Mw 7.4 Maduo 408 

earthquake. Red dashed lines denote the mapped coseismic surface rupture in the maps and the 409 
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earthquake epoch in the temporal-function plots. Arrows show east-component spatial responses, and 410 

the reference vector is given in each map. The abrupt variation in the IC2 temporal function around 411 

2023 is likely associated with data gaps at several stations before that time. S is the component-specific 412 

scaling factor used to reconstruct station displacement time series and is expressed in millimetres. 413 

 414 

Fig. 7. Separate vbICA decomposition of the seasonally corrected north-component GNSS position 415 

time series for postseismic deformation extraction. Panels (a)-(c) show IC1-IC3, respectively. The 416 

spatial responses and temporal functions are arranged as in Fig. 6; arrows show north-component 417 

spatial responses. All symbols and line styles are defined in Fig. 6. 418 

 419 

The vertical-component decomposition retained three independent components (Fig. 420 

8). The temporal function of IC1 showed a postseismic change after the earthquake and 421 

an overall decrease in its rate of change during the postseismic interval, but pronounced 422 

short-period fluctuations remained superimposed on this temporal evolution. Its temporal 423 

function was therefore less smooth than the IC1 temporal functions obtained from the 424 

east- and north-component decompositions. Similar short-period fluctuations occurred in 425 

the vertical time series at several stations and may therefore have contributed to the 426 

common temporal function recovered as IC1. These fluctuations may reflect residual 427 

nontectonic or observational variations that were not fully separated from the postseismic 428 

signal; their source cannot be determined from the present decomposition alone. The 429 

vertical spatial responses of IC1 were heterogeneous across the network: positive 430 

responses predominated at stations around the central rupture segment, whereas several 431 

stations outside this area showed weaker or negative responses. IC2 and IC3 were 432 

dominated by irregular short-period fluctuations, did not show a sustained postseismic 433 

temporal evolution, and had spatial responses with substantial station-to-station 434 

variability (Figs. 8b and 8c). We therefore selected IC1, which retained both the sustained 435 

postseismic temporal evolution and the spatial response associated with the rupture region, 436 

to reconstruct the vertical postseismic decay deformation time series. 437 

 438 

Fig. 8. Separate vbICA decomposition of the seasonally corrected vertical-component GNSS position 439 

time series for postseismic deformation extraction. Panels (a)-(c) show IC1-IC3, respectively. The 440 

spatial responses and temporal functions are arranged as in Fig. 6; upward and downward arrows show 441 

positive and negative vertical spatial responses. All symbols and line styles are defined in Fig. 6. 442 
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 443 

Using the IC1 selected from each directional decomposition, we reconstructed the 444 

east, north, and vertical postseismic decay deformation time series at all stations. 445 

Representative reconstructions at QHMD and NEFT, which were installed before and 446 

after the earthquake, respectively, show that the horizontal IC1 reconstructions capture 447 

the principal postseismic changes after preprocessing and seasonal correction, whereas 448 

the vertical reconstruction retains the longer-term postseismic change despite stronger 449 

short-period variability (Fig. 9). We then fitted the reconstructed component-wise time 450 

series to estimate the two-year cumulative postseismic displacement fields shown in Fig. 451 

10. 452 

 453 

Fig. 9. Examples of time-series preprocessing, seasonal correction, and postseismic 454 

deformation reconstruction at stations QHMD and NEFT. The upper panels show the east, 455 

north, and vertical coordinate time series at QHMD, and the lower panels show the 456 

corresponding postseismic time series at NEFT. Light-grey curves show the original 457 

coordinate time series in the ITRF2014 reference frame; red curves show the estimated 458 

long-term linear trends; green curves show the reconstructed seasonal displacement time 459 

series; and dark-grey curves show the time series after removal of the long-term trend and 460 

reconstructed seasonal displacement. Blue curves show the corresponding offset-461 

corrected time series. Black curves show the postseismic deformation reconstructed from 462 

IC1 in the respective east-, north-, and vertical-component vbICA decompositions. The 463 

vertical dashed line marks the 2021 Mw 7.4 Maduo earthquake. 464 

 465 

Fig. 10. Two-year cumulative postseismic displacement field estimated from fits to the 466 

east, north, and vertical time series reconstructed from IC1 in the separate component-467 

wise vbICA decompositions. Arrows show horizontal displacements, and colour-coded 468 

circles show vertical displacements. The horizontal-vector reference scale is 20 mm, with 469 
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a plotted uncertainty of +/-5 mm. The red star marks the epicentre of the 2021 Mw 7.4 470 

Maduo earthquake, and grey lines denote major active faults. 471 

 472 

4. Discussions 473 

4.1 Stability of the extracted postseismic decay signal 474 

The component-wise east, north, and vertical decompositions described in Section 475 

3.2 provide the primary postseismic reconstructions in this study. To evaluate their 476 

stability, we also applied joint three-component vbICA. We first applied vbICA to the 477 

preprocessed three-component GNSS position time series spanning the pre-earthquake 478 

and postseismic intervals at the 19 continuous stations installed before the earthquake to 479 

identify regional seasonal components. We selected the seasonal components on the basis 480 

of their temporal functions, spectral characteristics, and spatial responses. For the 19 481 

stations, we reconstructed the postseismic seasonal time series directly from the 482 

postseismic portions of the corresponding temporal functions, spatial responses, and 483 

weights. For the 13 stations installed after the earthquake, we interpolated the spatial 484 

responses of the selected seasonal components to the station locations using Kriging and 485 

combined them with the corresponding postseismic temporal functions and weights to 486 

reconstruct the seasonal time series. After subtracting the reconstructed seasonal time 487 

series from the preprocessed postseismic three-component GNSS time series at all 32 488 

stations, we applied joint three-component vbICA to extract a joint postseismic decay 489 

component. The ARD analysis and reconstruction results indicated that a two-component 490 

solution adequately captured the major variations (Fig. S12). Within this joint solution, 491 

IC1 exhibited a postseismic decay pattern beginning at the earthquake epoch, and its 492 

spatial response was concentrated around the epicentral area and near the coseismic 493 

rupture zone (Figs. S13a and S13c). IC2 did not show comparable temporal or spatial 494 

characteristics (Figs. S13b and S13d). We therefore used the joint IC1 to reconstruct the 495 

three-component postseismic decay deformation time series and compared them with the 496 

component-wise reconstructions. 497 

Comparison of the single-component decompositions, the joint three-component 498 

decomposition, and the trajectory-model estimates shows close agreement in postseismic 499 

time evolution for both the east and north components (Fig. 11). Station-wise statistics 500 
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summarized in Table S1 show that the correlations between the single-component and 501 

joint reconstructions are consistently high, with values of 0.9921 in the east component 502 

and 0.9828 in the north component. The corresponding root-mean-square differences 503 

range from 0.15 to 2.98 mm in the east component and from 0.22 to 1.65 mm in the north 504 

component, while the absolute differences in two-year cumulative displacement range 505 

from 0.12 to 2.87 mm and from 0.15 to 2.06 mm, respectively. Within each component, 506 

these identical correlation coefficients arise because the station-specific reconstructions 507 

within each vbICA solution are scalings of its common IC1 temporal function, 508 

determined by the station-specific spatial responses and weights. Accordingly, the 509 

correlations quantify the similarity between the IC1 temporal functions recovered by the 510 

two decomposition strategies, whereas the root-mean-square and cumulative-511 

displacement differences quantify station-dependent differences in reconstructed 512 

amplitude. The single-component reconstructions also agree closely with the logarithmic 513 

postseismic terms from station-wise parameterized trajectory models fitted to the 514 

detrended GNSS time series published by Xiong (2025). Correlations range from 0.9347 515 

to 0.9881 in the east component and from 0.9502 to 0.9887 in the north component, with 516 

root-mean-square differences of 0.29~3.23 mm and 0.31~2.58 mm and absolute 517 

differences in two-year cumulative displacement of 0.14~3.39 mm and 0.09~2.48 mm, 518 

respectively. The larger differences at some stations relative to the fitted curves may 519 

reflect differences in GNSS time-series processing and in the representation of 520 

postseismic deformation by data-driven decomposition and parameterized trajectory 521 

models. Thus, the agreement among the three estimates indicates that the single-522 

component decompositions robustly extract the horizontal postseismic decay signal, 523 

which is not controlled by the decomposition strategy or by anomalies at individual 524 

stations. 525 

 526 

Fig. 11. Comparison of horizontal postseismic decay time series obtained from the separate 527 

component-wise vbICA decompositions, the joint three-component vbICA decomposition, and 528 

station-wise trajectory models. Grey symbols show detrended GNSS observations. Cyan dashed 529 

curves show the component-wise vbICA reconstructions, red curves show the joint three-component 530 

vbICA reconstructions, and dark-blue dash-dotted curves show the logarithmic postseismic terms from 531 

station-wise trajectory models fitted to the detrended GNSS time series made available by Xiong 532 

(2025). East (E) and north (N) components are shown for six representative stations. Time is given in 533 

days after the 2021 Mw 7.4 Maduo earthquake, and displacement is in millimetres. 534 

 535 
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For the vertical component, InSAR-derived vertical time series at GNSS station 536 

locations provide independent pointwise comparisons of vertical displacement evolution. 537 

By comparison, the displacement directions of both vbICA reconstructions are broadly 538 

consistent with the InSAR results, whereas the single-component U reconstruction 539 

generally yields cumulative vertical displacements smaller than those from the joint three-540 

component decomposition and closer in amplitude to the InSAR time series (Fig. 12; Liu, 541 

2023). The observed amplitude difference may arise because the joint decomposition 542 

estimates common components from the three coordinate time series simultaneously; 543 

differences in signal amplitude, noise level, and residual variability among components 544 

may affect the reconstructed vertical component, potentially causing an overestimation 545 

of vertical postseismic change in the joint decomposition. These results also indicate that 546 

the vertical reconstruction is more sensitive to the decomposition strategy than the 547 

horizontal reconstruction and support the use of the single-component decomposition to 548 

extract vertical postseismic decay deformation. 549 

 550 

Fig. 12. Comparison of vertical postseismic displacement time series obtained from the component-551 

wise vertical vbICA decomposition, the joint three-component vbICA decomposition, and InSAR 552 

observations at GNSS station locations. Grey symbols show detrended GNSS observations. Cyan 553 

dashed curves show the component-wise vertical vbICA reconstructions, red curves show the joint 554 

three-component vbICA reconstructions, and dark-blue dash-dotted curves show the InSAR-derived 555 

vertical time series from Liu (2023). Time is given in days after the 2021 Mw 7.4 Maduo earthquake, 556 

and displacement is in millimetres. 557 

 558 

4.2 Applicability and limitations of vbICA for postseismic GNSS time-series analysi 559 

vbICA provides a useful approach for postseismic GNSS time-series processing 560 

because it identifies components with common temporal variations and spatial responses 561 

from multi-station observations without prescribing a postseismic decay function or a 562 

fixed seasonal model (Choudrey, 2002; Gualandi et al., 2016, 2017). This property is 563 

relevant to continuous GNSS records from the Tibetan Plateau, in which deformation and 564 

non-tectonic signals may overlap. Compared with conventional single-station trajectory 565 

models that fit linear trends and prescribed annual and semiannual terms (Blewitt and 566 

Lavallée, 2002; Bevis and Brown, 2014), vbICA exploits common variations among 567 

multi-station GNSS observations. When time series with short observation spans or no 568 
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observations before the earthquake are analysed jointly with continuous GNSS stations 569 

whose records span the earthquake, these common variations can assist the separation of 570 

components that are otherwise insufficiently constrained by an individual record. 571 

In the Maduo data set, regional seasonal components and postseismic decay 572 

deformation exhibited distinct temporal functions and spatial responses, indicating that 573 

vbICA can distinguish regional periodic variations from earthquake-related decay 574 

deformation in multi-station GNSS time series. Accordingly, vbICA can also identify 575 

regional seasonal displacement components in continuous GNSS records during 576 

interseismic periods. Such components can be compared with hydrological and other 577 

surface-loading models to examine their temporal evolution and spatial variability 578 

(Serpelloni et al., 2018; White et al., 2022). Observations of freeze-thaw processes and 579 

local surface conditions can provide complementary information for their interpretation 580 

(Daout et al., 2017). However, a separated seasonal component cannot be directly 581 

attributed to a specific environmental process based solely on the decomposition result; 582 

its geophysical origin requires assessment through comparison with independent 583 

observations and models. 584 

The data-driven nature of vbICA also constrains the physical interpretation of the 585 

separated components. The method represents the observations as linear mixtures of 586 

statistically independent components; departures from these assumptions can reduce the 587 

separability of signals with similar temporal behaviour. ARD and reconstruction statistics 588 

guide the selection of the retained number of components. They do not automatically 589 

assign geophysical meaning to individual ICs. Component interpretation therefore 590 

requires joint examination of temporal functions, spectral characteristics, spatial 591 

responses, and reconstructed station time series; the extracted ICs represent statistical 592 

decompositions rather than physically attributed deformation processes. Component 593 

recovery can be affected when temporal and spatial signatures are insufficiently distinct, 594 

or when signal-to-noise and source-to-source amplitude ratios are unfavourable and the 595 

network contains missing observations (Choudrey, 2002; Gualandi et al., 2016). The 596 

vertical comparison for the Maduo data set illustrates this limitation in the joint three-597 

component decomposition (Fig. 12): the horizontal components remain consistent 598 

between the joint and single-component decompositions, whereas the vertical component 599 

is more sensitive to the decomposition strategy. In the Maduo data set, the joint 600 

decomposition estimates common components from the three coordinate time series 601 

simultaneously, and differences in signal amplitude, noise level, and residual variability 602 

among components may affect the reconstructed vertical component. Accordingly, 603 
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vbICA results should be evaluated together with reconstructed time series, alternative 604 

decompositions, and independent deformation observations. Statistical separation alone 605 

cannot replace physical models and independent data when interpreting postseismic 606 

deformation mechanisms or environmental loading processes. 607 

 608 

4.3 Implications for GNSS-based postseismic deformation analysis on the Tibetan 609 

Plateau 610 

Postseismic deformation studies on the Tibetan Plateau increasingly benefit from the 611 

complementary use of spatially dense InSAR deformation fields and three-dimensional 612 

GNSS displacement time series (Bürgmann et al., 2000; Bock and Melgar, 2016; Bekaert 613 

et al., 2016). InSAR resolves the spatial distribution of deformation over broad areas, 614 

whereas GNSS records the temporal evolution of three-dimensional displacement at 615 

individual stations in a terrestrial reference frame (Herring et al., 2016; Fuhrmann and 616 

Garthwaite, 2019). The Maduo results show that common-component separation can 617 

characterize the temporal evolution of postseismic decay deformation in multi-station 618 

GNSS records and reveal differences in the stability of the horizontal and vertical 619 

components. The separated postseismic components can be compared with model 620 

predictions for postseismic deformation involving afterslip and viscoelastic relaxation, 621 

whereas the seasonal components can be evaluated against hydrological and other 622 

surface-loading models and observations of freeze-thaw processes and local surface 623 

conditions (Gualandi et al., 2017; Liu-Zeng et al., 2020; Serpelloni et al., 2018; White et 624 

al., 2022). GNSS can also link station-scale three-dimensional displacement with InSAR-625 

derived deformation fields, help tie InSAR to a terrestrial reference frame, characterize 626 

long-wavelength residuals, and assess vertical displacement estimates (Bekaert et al., 627 

2016; Fuhrmann and Garthwaite, 2019). Independent-component analysis has also been 628 

applied to postseismic GNSS time series in Nepal and to regional seasonal deformation 629 

in China (Gualandi et al., 2017; Yan et al., 2019). The Maduo case illustrates the 630 

relevance of common-component separation where postseismic decay and regional 631 

seasonal variations coexist in multi-station GNSS records from the Tibetan Plateau. 632 

 633 

5. Conclusions 634 
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The postseismic deployment of 13 continuous GNSS stations after the 2021 Mw 7.4 635 

Maduo earthquake, together with records from 19 continuous GNSS stations installed 636 

before the earthquake, provided an opportunity to assess vbICA for extracting postseismic 637 

decay deformation at stations without pre-earthquake records. Regional seasonal 638 

components were identified separately from the preprocessed east, north, and vertical 639 

time series during the pre-earthquake interval at the 19 continuous GNSS stations. We 640 

reconstructed the corresponding seasonal displacement time series at all stations and 641 

removed them from the postseismic time series before separate vbICA decompositions of 642 

the east, north, and vertical components. The component-wise horizontal reconstructions 643 

showed an exponential-shaped postseismic transient, with the rate of change decaying 644 

rapidly during the first year and approaching a near-steady level over the remainder of 645 

the observation period; the associated spatial responses were concentrated around the 646 

epicentral area and coseismic rupture zone. Horizontal reconstructions were consistent 647 

across the single-component and joint three-component decompositions and with 648 

trajectory-model estimates. In contrast, the vertical component did not show an equally 649 

clear exponential-shaped transient and was more sensitive to the decomposition strategy; 650 

the amplitude of the single-component U reconstruction was closer to the InSAR-derived 651 

vertical time series, whereas the joint three-component decomposition may overestimate 652 

the vertical amplitude. For continuous GNSS studies on the Tibetan Plateau, vbICA can 653 

exploit common variations in multi-station time series not only to extract postseismic 654 

decay deformation but also to separate regional seasonal displacement components for 655 

interseismic analyses. 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 
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