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Abstract
Owing to the intense tectonic activity and significant seasonal surface mass change, Southwest China is characterized by noticeable vertical land movement. We determined the vertical movement of Southwest China using 10 years of data from 41 continuous global positioning system (GPS) stations, gravity recovery and climate experiment (GRACE), and surface loading model (SLM). The annual variation in hydrological loading is the main factor causing the seasonal oscillation of surface deformation in Southwest China. Seasonal deformations captured by GPS, GRACE, and SLM are consistent to a certain extent, and the correlation coefficients between GPS/GRACE, and GPS/SLM are 0.82 and 0.81, respectively. After deducting the results yielded by GRACE and SLM from the GPS time series, the average reductions in root mean square were 41.3% and 38.0%, respectively. However, some systematic differences were observed among the annual amplitudes and phases of the seasonal deformations among the three products. For example, the average amplitudes estimated by GRACE and SLM were 7.4 mm and 6.1 mm, respectively, which were smaller than the amplitude deduced from GPS (9.7 mm). Furthermore, mean phase delays of 16, 22, and 6 days were observed between GPS/GRACE, GPS/SLM, and GRACE/SLM. The data processing errors and local geophysical signals in GPS and the underestimation of land water storage in GRACE and SLM were jointly responsible for the systemic differences. The simulated data show that the misestimating of hydrological loading can explain approximately 50%, 64%, and 83% of the phase delays between GPS/GRACE, GPS/SLM, and GRACE/SLM, respectively. In addition, we obtained long-term vertical crustal motion rates by subtracting the loading deformation rates estimated by GRACE from the linear rates of the GPS. The vertical crustal motion in this region is block-dependent. The Central Yunnan block and its eastern boundary are uplifted; meanwhile, the Southwest Yunnan block, which features stretching in the horizontal direction, appears to be subsiding. The aforementioned results can provide data support for the study of water resource utilization and geodynamics in Southwest China.
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Introduction
Southwest China (Fig. 1), which is located at the southeastern margin of the Tibet Plateau, is one of the regions with the most intense tectonic and seismic activity in Chinese Mainland due to the collision of the Eurasian and Indian plates (Royden et al. 2008; Shen et al. 2005; Yin and Harrison 2000). Furthermore, the climate in this region has a subtropical plateau monsoon that is characterized by abundant precipitation with a significant annual cycle (Li et al. 2015; Xiao et al. 2014), resulting in the impressive seasonal oscillation of crustal loading deformation. Following the development of satellite technology and data assimilation methods, such as global positioning system (GPS), gravity recovery and climate experiment (GRACE) and surface loading model (SLM), the elastic response of solid earth to mass variations can be determined from an independent perspective. Several researchers have conducted comparative analyses on the seasonal deformation obtained by the three methods at both global (Tregoning et al. 2009; Tesmer et al. 2011) and regional scales (Davis et al. 2004; Fu and Freymueller 2012; Nahmani et al. 2012; Ferreira et al. 2019; Liu et al. 2018), wherein the three technologies generally showed a good consistency. Sheng et al. (2014), Hao et al. (2016), Pan et al. (2018), and Zhan et al. (2020) found that the seasonal vertical deformation time series acquired by GPS was highly correlated with that acquired by GRACE in this region, indicating that the annual variation of land water is the main reason for the seasonal deformation. Zhan et al. (2017) compared the seasonal deformation captured by GPS and precipitation in this region, and reported strong temporal and spatial consistency. However, Gu et al. (2017) and Yan et al. (2019) noted that the amplitude of the mass loading signal extracted by GPS in this area was larger than that extracted by GRACE and SLM. Currently, quantitative analysis on the reasons for the differences between the three products is lacking in this region. In addition, owing to the strong tectonic activity, long-term vertical crustal movement in Southwest China is significant. Distinguishing the crustal tectonic movement and loading deformation in the vertical GPS time series is essential to understand the present tectonic activities in this area.[image: ../images/40623_2021_1459_Fig1_HTML.png]
Fig. 1Distribution of continuous global positioning system (cGPS) stations (blue dots). The red line indicates the boundary of the block (Luo et al. 2012; Zhang et al. 2003); I: South China block; II: Sichuan–Yunnan rhombic block; II1: West Sichuan block; II2: Central Yunnan block; III: Southwest Yunnan block


Following the implementation of the tectonic and environmental observation network in China (CMONOC II) and GRACE follow-on (GRACE-FO) missions, there have been 10 years of continuous GPS (cGPS) observations and time-variable gravity data. These long-term observations can allow for the objective comparison of the three methods in capturing seasonal loading deformation, especially with respect to understanding the systematic difference. In addition, these long-term data can provide relatively reliable long-term tectonic movement information. In this study, we systematically collected and processed three groups of vertical coordinate time series produced by GPS, GRACE, and SLM at 41 cGPS stations. The remainder of this paper is organized as follows. In “Data and methods”, the data and methods used are discussed. In “Results”, the consistency of the three products is quantitatively analyzed using the correlation coefficient (CC) and root mean square (RMS). In “Discussion”, the systematic differences in the seasonal loading deformation among the three products are discussed, and the long-term crustal motion is presented and analyzed. In “Conclusions”, the main conclusions drawn are summarized.
Data and methods
GPS data
The GPS observation network (Fig. 1) in Southwest China reached a certain density in the past decade following the implementation of CMONOCII. These continuous GPS stations had a 10-year observation time span from 2010 to 2020. We employed GAMIT/GlOBK to process the GPS data, in which the loading effects of ocean tides and solid earth tides were corrected using the corresponding models of FES2004 and IERS2003. We used antenna calibrations issued by National Geodetic Survey (https://​geodesy.​noaa.​gov/​ANTCAL/​) for both GPS receiver and satellite antennas in the data processing. Then, the daily solutions were transformed to the ITRF2008 reference frame using some frame sites (Altamimi et al. 2011). Zhan et al. (2017) provide more detailed related information regarding this. Offsets caused by instrument updates, coseismic deformation, and unknown reasons were eliminated from the vertical coordinate time series. The effects caused by the mass loading of atmosphere, terrestrial water storage, and non-tidal ocean were not eliminated. Particularly, in the definition of ITRF2008, the origin of ITRF2008 was determined by the mean of the satellite laser ranging time series, which is sensitive to the center of mass of the whole earth system (CM). However, Dong et al. (2003) reports that in the long-term scale, ITRF is represented as a CM frame, while for short time scales or seasonal scales, it is characterized as a Earth’s center of figure (CF) frame.
Surface loading model data
The surface deformations caused by hydrological loading (HYDL), non-tidal atmospheric loading (NTAL), and non-tidal ocean loading (NTOL) were considered in the surface loading model for comparison with GPS datasets. Hydrological changes (including soil moisture, water equivalent of snow cover, and water content in the canopy) exert varying water pressure, which leads to crustal deformation (van Dam and Wahr 1998; Dong et al. 2002). Several studies (Nahmani et al. 2012; Ferreira et al. 2019) have suggested that variation in land water loading is the dominant factor affecting mass redistribution at the seasonal scale. Moreover, atmospheric pressure variation is also a non-negligible loading factor that results in crustal elastic deformation (van Dam et al. 1994). In this study, we used the International Mass Loading Service (IMLS) (Petrov 2015) to compute the surface deformation driven by mass redistribution. The numerical weather model, GEOS-FPIT, with a resolution of 0.5° × 0.625° × 1 h (time resolution was reduced to 3 h for loading computation) (Rienecker et al. 2008) was used to estimate the deformation resulting from HYDL and NTAL. Furthermore, the response of the elastic earth to changes in ocean bottom pressure is referred to as NTOL, and calculated via IMLS based on MPIOM06 (Jungclaus et al. 2013). In the following analysis, all the loading datasets were down-sampled to daily time series, and linked to the Center of figure (CF) reference frame for consistency with the GPS data. In addition, we combined HYDL, NTAL and NTOL to deduce the total loading deformation.
GRACE data
The time-variable gravity signals obtained by the GRACE satellite have been extensively used to monitor mass redistribution, such as variations in terrestrial water reserves, glacier mass changes, and the movement of the ocean and atmosphere. We employed the latest Release 06 (Level-2) GRACE/GRACE-FO solutions from 2010 to 2020, which was provided by the Center for Space Research, the University of Texas at Austin (Save et al. 2018), to estimate the vertical loading deformation in Southwest China, where these products were in the form of spherical harmonic coefficients up to a degree and an order of 60. The degree-1 terms estimated by Sun et al. (2016) were added. Moreover, because of the uncertainty of the C20 coefficients, we replaced them with the value estimated from analyzing the satellite laser ranging data (Cheng and Ries 2017). Given that the effect of non-tidal atmosphere and ocean would be determined from GPS datasets, to maintain data consistency, Level-2 GAC products (Bettadpur 2018), representing the sum loading of the non-tidal atmosphere and non-tidal ocean, were also employed. We used the equation derived by Kusche and Schrama (2005) to convert the harmonic coefficient to the surface vertical deformation:[image: $${\text{def}}. = R\sum\limits_{{n = 1}}^{{60}} {\frac{{h^{\prime}_{n} }}{{1 + k^{\prime}_{n} }}\sum\limits_{{m = 0}}^{n} {\left[ {\Delta C_{{nm}} \left( t \right)\cos m\lambda + \Delta S_{{nm}} \left( t \right)\sin m\lambda } \right]} P_{{nm}} \left( {\cos \theta } \right)} ,$$]

 (1)


where def. is the elastic deformation, R is the mean radius of the Earth, and Cnm and Snm are the residual values after removing the average spherical harmonic coefficients of 2010–2020, thus highlighting the periodic signal in this study. Furthermore, a simplified order-convolution smoothing approach (DDK5) (Kusche et al. 2009) was applied to weaken the uncertainty at high degrees (Wahr et al. 2004). Pnm represents degree n and order m values of the fully normalized Legendre functions. [image: $$\theta$$] and [image: $$\lambda$$] are the co-latitude and longitude, respectively. [image: $$h^{\prime}_{n}$$] and [image: $$k^{\prime}_{n}$$] are the load love numbers relating to the horizontal and radial directions, respectively. The love number adopted in this study was derived by Farrell (1972), where the gaps were repaired by linear interpolation; moreover, the degree of one love number was linked to the CF frame according to Blewitt (2003).
Time series processing method
The vertical displacement time series derived from GPS, GRACE, or SLMs usually contains different time–frequency signals, including noise, seasonal loading deformation, and long-term signals. In this study, we used ensemble empirical mode decomposition (EEMD) to decompose and reconstruct the time series into noise, seasonal, and long-term trend signals. EEMD is a time–frequency analysis method that self-adaptively and efficiently decomposes non-stationary and non-linear time series into a sequence of intrinsic mode functions (IMFs) and residual terms without parameter settings (Huang et al. 1998; Wu and Huang 2011). The general EEMD algorithm is expressed as follows:[image: $$S\left( t \right) = \sum\limits_{{i = 1}}^{m} {\overline{{x_{i} }} \left( t \right) + r_{m} \left( t \right),t = 1,2, \ldots ,}$$]

 (2)


where [image: $$\overline{{x_{i} }} ~$$] is the ith IMF, [image: $$r_{m} \left( t \right)$$] is the residual signal after m decomposition and [image: $$S\left( t \right)$$] is the original signal.
In this study, we employed the Hurst parameter (H) to classify the different time–frequency IMFs. The Hurst parameter is typically used for signal recognition. For example, Montillet et al. (2013) reconstructed the GPS-derived IMFs with H ≤ 0.5 into white noise signals. Peng et al. (2016) decomposed the GPS vertcial time series into several IMFs using EEMD, and then, summed the IMFs with 0 ≤ H < 1.1 as a colored noise signal. According to the statistics of GPS stations in mainland China, Peng and Dai (2016) found that H = 1.8 is the optimal boundary value between the trend and seasonal signals. In this study, we processed the time series as follows.	1.
The time series was decomposed into several IMFs and residual terms using EEMD;

 

	2.
The Hurst parameter of each IMF was estimated;

 

	3.
IMFs with 0 ≤ H < 0.6 were reconstructed into the noise signal, and the sum of the IMFs with H > 1.8 and the residual terms were reconstructed into the long-term trend signal (Peng and Dai 2016). The rest of IMFs were reconstructed into the seasonal loading deformation signal.

 

	4.
The linear rates were estimated from the long-term trend signal using the least square method.

 




Figure 2 shows an example of time series processing using EEMD method. Compared with the function model, the result shows that EEMD has advantages in characterizing the signal of which amplitude changes with time.[image: ../images/40623_2021_1459_Fig2_HTML.png]
Fig. 2Vertical coordinate time series at the YNRL station. a Raw time series; b intrinsic mode functions (IMFs) decomposed by ensemble empirical mode decomposition (EEMD); c reconstructed deformation signal. Gray point, red curve, and green curve denote GPS daily solution, reconstructed seasonal and trend signal, respectively. d Modeled result. Gray point is GPS daily solution, blue curve shows filter results using the linear + annual-cycle + semi-annual-cycle movement model, and black line is the linear trend


Results
Components analysis of seasonal deformation
Variations in mass loadings, such as HYDL, NTAL, and NTOL, lead to seasonal crustal oscillations. We derived the temporal variations of different environmental mass loading components, which were estimated by SLM at 41 GPS stations. Figure 3 illustrates the stack-average variation curves (after removing the noise and long-term trend signals) of HYDL, NTAL, and NTOL that are represented by blue, red, and green lines, respectively. Furthermore, we calculated the annual amplitudes and phases of the different loading components using the least squares method. The results show that vertical deformation caused by NTOL (Fig. 3; green line) was the weakest, with an amplitude of less than 0.3 mm, as the research area is far from the coastline. The red curve in Fig. 3 shows that the deformation caused by NTAL, with an amplitude of 2.3 mm, exhibited significant seasonal fluctuation, and an upward peak appeared in late June or July. The upward peak of the HYDL signal (Fig. 3; blue line) was observed in March or April, approximately 3 months before NTAL. The amplitude of HYDL was 5.2 mm, approximately 2.3 and 17.3 times larger than those of NTAL and NTOL, respectively, indicating that the hydrological loading changes were the main factor causing the seasonal crustal deformation in this area.[image: ../images/40623_2021_1459_Fig3_HTML.png]
Fig. 3Loading components in Southwest China. Stack-average deformation of 41 stations yielded by hydrological loading (HYDL), non-tidal atmospheric loading (NTAL), and non-tidal ocean loading (NTOL) represented by the blue, red, and green lines, respectively [inferred from the surface loading model (SLM)]


In addition, we collected monthly surface precipitation data from the China Meteorological Science Data Center for further verification. The precipitation showed significant seasonal variations, more than 85% of the total rainfall occurred in the rainy season spanning from May to October, and the rest occurred in the dry season spanning from November to April of the succeeding year. As shown in Fig. 3, there was an evident negative correlation between rainfall and HYDL (blue line). That is, the ground sunk as the hydrological loading increased during the rainy season, and the ground surface rose following water loss during the dry season. In addition, a slight phase lag was clearly exhibited by the color stripe in Fig. 3, suggesting that the peak representing the deformation caused HYDL approximately 1.4–1.8 months later than precipitation. We attribute this lag to the fact that the loading deformation reflects the variations in cumulative land water, rather than instantaneous precipitation (Zhan et al. 2017; Birhanu and Bendick 2015).
In addition, as shown in Fig. 4, we calculated the deformations caused by the sum NTAL and NTOL, and HYDL using the GAC and GSM solutions of the GRACE products (Bettadpur 2018), respectively. The results indicate that the NTAL + NTOL obtained by SLM and GRACE showed high consistency in both amplitude and phase (Fig. 4a). The average amplitudes and phases of the 41 stations are 2.7 mm and the 171st day for SLM, and 2.8 mm and the 172nd day for GRACE, respectively. In terms of HYDL (Fig. 4b), the amplitude estimated by GRACE (6.5 mm) was larger than that estimated by SLM (5.2 mm), possibly owing to unmodeled components such as groundwater and deep soil moisture in SLM. The phase of GRACE is the 84th day, which is consistent with that of SLM (83rd day).[image: ../images/40623_2021_1459_Fig4_HTML.png]
Fig. 4Phases and amplitudes of different loading components. a Non-tidal atmospheric loading (NTAL) + non-tidal ocean loading (NTOL); b hydrological loading (HYDL)


Consistency analysis of the seasonal deformation estimated by GPS, GRACE, and SLM
To quantitatively evaluate the consistency of different time series products, we calculated the CC and reduction in the RMS of GPS/GRACE and GPS/SLM, where CC was sensitive to the signal phase, and RMS reduction could allow for overall assessment (Gu et al. 2017). The RMS reduction is expressed as follows:[image: $${\text{RMS}}_{{{\text{red}}}} = \frac{{{\text{RMS}}\left( {{\text{GPS}}} \right) - {\text{RMS}}\left( {{\text{GPS}} - {\text{GRACE}}/{\text{SLM}}} \right)}}{{{\text{RMS}}\left( {{\text{GPS}}} \right)}} \times 100.$$]



Higher CC and RMS reduction values indicate more optimized consistency among the different techniques. Furthermore, we employed a function model, containing linear trends in addition to semiannual and annual harmonic signals, to characterize the deformation time series of GPS, GRACE, and SLM, where the model parameters were estimated using the least squares method (Table 1 and Fig. 2d).Table 1Annual amplitude and phase estimated by GPS, GRACE, and surface loading model (SLM)


	 	Amplitude (mm)
	Phase (day)
	 	Amplitude (mm)
	Phase (day)

	GPS
	GRACE
	SLM
	GPS
	GRACE
	SLM
	GPS
	GRACE
	SLM
	GPS
	GRACE
	SLM

	GZSC
	5.7 ± 0.09
	5.8 ± 0.40
	4.9 ± 0.10
	103 ± 2
	122 ± 9
	125 ± 2
	YNJP
	9.8 ± 0.11
	8.0 ± 0.51
	6.7 ± 0.11
	87 ± 3
	114 ± 12
	117 ± 3

	KMIN
	10.2 ± 0.12
	7.5 ± 0.45
	6.0 ± 0.10
	80 ± 3
	113 ± 11
	118 ± 2
	YNLA
	14.3 ± 0.16
	9.8 ± 0.54
	8.5 ± 0.10
	93 ± 5
	110 ± 13
	112 ± 3

	SCJL
	8.2 ± 0.09
	5.5 ± 0.34
	5.0 ± 0.08
	89 ± 3
	102 ± 9
	99 ± 2
	YNLC
	11.6 ± 0.12
	9.3 ± 0.49
	7.3 ± 0.10
	100 ± 3
	108 ± 13
	113 ± 2

	SCJU
	6.2 ± 0.08
	5.5 ± 0.35
	4.7 ± 0.11
	103 ± 2
	118 ± 7
	135 ± 2
	YNLJ
	10.2 ± 0.09
	7.3 ± 0.40
	5.8 ± 0.09
	82 ± 3
	100 ± 11
	107 ± 2

	SCMB
	8.1 ± 0.10
	5.4 ± 0.33
	4.6 ± 0.10
	87 ± 3
	113 ± 8
	126 ± 2
	YNMH
	11.5 ± 0.12
	9.8 ± 0.56
	8.5 ± 0.11
	93 ± 3
	107 ± 13
	111 ± 3

	SCML
	12.9 ± 0.13
	6.2 ± 0.37
	5.4 ± 0.09
	90 ± 4
	103 ± 10
	104 ± 2
	YNMJ
	10.4 ± 0.10
	8.8 ± 0.51
	7.0 ± 0.11
	98 ± 3
	111 ± 13
	116 ± 3

	SCMN
	8.5 ± 0.09
	5.9 ± 0.35
	5.1 ± 0.09
	92 ± 3
	108 ± 9
	107 ± 2
	YNML
	7.9 ± 0.10
	7.4 ± 0.47
	6.0 ± 0.10
	96 ± 3
	115 ± 11
	119 ± 2

	SCNN
	10.8 ± 0.12
	6.5 ± 0.39
	5.4 ± 0.10
	85 ± 4
	112 ± 10
	115 ± 2
	YNMZ
	9.5 ± 0.11
	7.7 ± 0.49
	6.3 ± 0.10
	77 ± 3
	115 ± 12
	118 ± 2

	SCPZ
	9.5 ± 0.09
	7.2 ± 0.40
	5.7 ± 0.09
	94 ± 2
	108 ± 11
	114 ± 2
	YNRL
	11.4 ± 0.11
	9.8 ± 0.46
	8.6 ± 0.10
	91 ± 3
	105 ± 12
	112 ± 3

	SCSM
	10.0 ± 0.10
	5.3 ± 0.33
	4.6 ± 0.09
	83 ± 3
	107 ± 9
	107 ± 2
	YNSD
	11.8 ± 0.12
	9.1 ± 0.45
	7.1 ± 0.09
	92 ± 3
	105 ± 12
	109 ± 2

	SCXC
	9.1 ± 0.09
	5.4 ± 0.35
	5.0 ± 0.08
	73 ± 2
	90 ± 10
	96 ± 2
	YNSM
	11.4 ± 0.12
	9.3 ± 0.54
	7.8 ± 0.11
	96 ± 3
	111 ± 13
	115 ± 3

	SCXD
	9.1 ± 0.09
	5.9 ± 0.35
	5.0 ± 0.09
	86 ± 2
	109 ± 9
	109 ± 2
	YNTC
	12.7 ± 0.13
	9.1 ± 0.44
	7.4 ± 0.09
	93 ± 4
	102 ± 12
	108 ± 2

	SCYX
	7.3 ± 0.10
	5.7 ± 0.34
	4.8 ± 0.09
	95 ± 3
	109 ± 9
	109 ± 2
	YNTH
	8.8 ± 0.12
	7.9 ± 0.48
	6.3 ± 0.10
	92 ± 3
	113 ± 12
	117 ± 2

	SCYY
	9.4 ± 0.08
	6.5 ± 0.38
	5.5 ± 0.09
	89 ± 2
	105 ± 10
	108 ± 2
	YNWS
	8.1 ± 0.09
	7.1 ± 0.48
	5.8 ± 0.10
	84 ± 3
	113 ± 11
	120 ± 2

	XIAG
	9.1 ± 0.08
	8.2 ± 0.43
	6.2 ± 0.09
	98 ± 2
	104 ± 12
	111 ± 2
	YNXP
	8.6 ± 0.10
	8.4 ± 0.48
	6.5 ± 0.10
	99 ± 3
	111 ± 12
	116 ± 2

	XZCY
	9.2 ± 0.17
	5.4 ± 0.37
	4.0 ± 0.08
	54 ± 3
	77 ± 10
	100 ± 2
	YNYA
	10.7 ± 0.11
	7.8 ± 0.43
	6.1 ± 0.10
	91 ± 3
	108 ± 11
	114 ± 2

	YNCX
	9.1 ± 0.09
	8.1 ± 0.45
	6.3 ± 0.10
	100 ± 3
	109 ± 12
	115 ± 2
	YNYL
	11.3 ± 0.16
	8.1 ± 0.42
	6.2 ± 0.09
	86 ± 5
	101 ± 12
	106 ± 2

	YNDC
	9.8 ± 0.14
	6.8 ± 0.42
	5.6 ± 0.10
	84 ± 4
	110 ± 10
	117 ± 2
	YNYM
	10.6 ± 0.10
	7.6 ± 0.43
	6.0 ± 0.10
	87 ± 3
	110 ± 11
	116 ± 2

	YNGM
	6.9 ± 0.19
	9.7 ± 0.49
	8.0 ± 0.10
	129 ± 4
	108 ± 13
	112 ± 3
	YNYS
	11.2 ± 0.10
	7.2 ± 0.40
	5.8 ± 0.09
	89 ± 3
	103 ± 11
	109 ± 2

	YNHZ
	7.8 ± 0.11
	6.6 ± 0.41
	5.4 ± 0.10
	97 ± 3
	115 ± 10
	117 ± 2
	YNZD
	8.3 ± 0.14
	6.3 ± 0.38
	5.2 ± 0.08
	82 ± 4
	94 ± 11
	100 ± 2

	YNJD
	12.1 ± 0.13
	8.7 ± 0.47
	6.7 ± 0.10
	95 ± 4
	109 ± 12
	114 ± 2
	Mean
	9.7 ± 0.11
	7.4 ± 0.43
	6.1 ± 0.10
	91 ± 3.1
	107 ± 10.9
	113 ± 2.1




Figure 5 shows the time series (after removing the trend signal), which were estimated from GPS, GRACE and SLM at three sample GPS locations. The vertical time series among GPS, GRACE, and SLM exhibited consistent seasonal variations, suggesting that the seasonal oscillations in the GPS time series are mainly caused by mass redistribution. YNLC (top panel of Fig. 5), located in southwest of Yunnan province, yielded the highest CC: 0.90 and 0.89 for GPS/GRACE and GPS/SLM, respectively. The RMS reductions upon subtracting GRACE and SLM from the GPS signals were 55.8% and 47.5%, respectively. The annual amplitudes estimated from GPS, GRACE, and SLM by the least squares method were 11.6, 9.3, and 7.3 mm, respectively (Table 1). Figure 5 also shows the time series at SCYX station, which is located in southern Sichuan. This station, to some extent, represented the performance of most stations, where the CC was close to the average value (0.82 and 0.81) of 41 stations; the values were 0.82 and 0.81 for GPS/GRACE and GPS/SLM, respectively. The RMS reduction was 42.9% for GPS–GRACE and 39.7% for GPS–SLM. The annual amplitudes of GPS, GRACE, and SLM were 7.3, 5.7, and 4.8 mm, respectively (Table 1). Figure 5 (bottom panels) shows the stations of YNMZ with the poorest performance in the consistency analysis, which may be caused by an unknown local loading process (e.g., river or reservoir), rather than the relatively smooth signals captured by GRACE or SLM. The CC values of YNMZ were 0.61 and 0.66, respectively, and the RMS reductions were 17.0% and 24.8%, respectively, for GPS/GRACE and GPS/SLM owing to a visible phase delay in GRACE and SLM.[image: ../images/40623_2021_1459_Fig5_HTML.png]
Fig. 5Seasonal vertical deformation time series derived by global positioning system (GPS) stations, gravity recovery and climate experiment (GRACE), and surface loading model (SLM) at YNLC, SCYX, and YNMZ stations


Figure 6 illustrates the spatial distribution of CC at 41 stations for different seasonal deformation products. All the stations showed consistency among the three techniques. The CC of 27 and 26 stations exceeded 0.80 for GPS/GRACE (Fig. 6a) and GPS/SLM (Fig. 6b), respectively. The mean values were 0.82 and 0.81 for GPS/GRACE and GPS/SLM, respectively. Figure 6 also shows the spatial distribution of RMS reductions after subtracting the GRACE or SLM signals from the GPS time series. All stations showed a positive response after suppressing the seasonal signals. The mean RMS reductions for GPS–GRACE in Fig. 6a were 41.3% (> 40% for the 26 stations, 30–40% for the 9 stations, and 10–30% for the remaining 6 stations). Furthermore, the mean RMS reduction for GPS–SLM in Fig. 6b was 38.0% (> 40% for the 18 stations, 30–40% for the 16 stations, and 10–30% for the remaining 7 stations).[image: ../images/40623_2021_1459_Fig6_HTML.png]
Fig. 6Correlation coefficient (CC) and root mean square (RMS) reduction at 41 stations. a Global positioning system (GPS)/gravity recovery and climate experiment (GRACE); b GPS/surface loading model (SLM). The color of the circle represents the RMS reduction, and the number in the circle is CC × 100


Discussion
Differences among the three products
Although GPS, GRACE, and SLM show consistency to a certain extent in monitoring seasonal deformation, there are still evident systematic differences between the three products. For example, the amplitude observed by GRACE and SLM is smaller than that observed by GPS, and the phase lags behind the GPS (Table 1). Figure 7 shows the amplitudes and phases of the seasonal loading deformation calculated using GPS, GRACE, and SLMs at 41 stations. The average annual amplitude of GPS was 9.7 mm (ranging from 5.7 to 14.2 mm), which was 1.3 and 1.6 times higher than that of GRACE (7.4 mm; ranging from 5.3 to 9.8 mm) and SLM (6.1 mm; ranging from 4.0 to 8.6 mm), respectively. Furthermore, a systematic difference was observed in the phase. The mean phases of the three vertical displacement time series, representing the time when the upward peak appeared, were the 91st, 107th, and 113th days for GPS, GRACE, and SLM, respectively, indicating that there was a 16, 22, and 6 day phase lag between GPS and GRACE, GPS and SLM, GRACE and SLM, respectively.[image: ../images/40623_2021_1459_Fig7_HTML.png]
Fig. 7Amplitudes and phase of total loading deformation estimated by global positioning system (GPS) stations, gravity recovery and climate experiment (GRACE), and surface loading model (SLM) at 41 stations


As shown in Fig. 7, the amplitudes estimated by GPS were larger than those estimated by GRACE and SLM possibly due to the uncertainty of the three products. GPS obtains surface deformation with the point measurement mode, which is susceptible to local environmental loading (Nahmani et al. 2012). For example, Gu et al. (2017) noted that the GPS station of YNTH is affected by variations in the nearby river level. The seasonal deformation inferred by GPS is usually contaminated by the thermal expansion of the bedrock and concrete pillar (Fang et al. 2014; Yan et al. 2009). We employed the thermal expansion model derived by Yan et al. (2009) and the global temperature data provided by the National Centers for Environmental Prediction to estimate the thermoelastic deformation at 41 GPS stations. The results show that the average annual amplitude of the thermoelastic deformation was 0.4 mm. The seasonal signals may be affected by errors in GPS data processing. Zhan et al. (2017) indicated that the difference in annual amplitude under different reference frames was approximately 1 mm in this region. Moreover, the annual amplitude of GPS might be overestimated because of the influence of draconitic errors of satellite orbit, multipath effect, etc. (Gu et al. 2017; Rodriguez-Solano et al. 2014; Ray et al. 2007).
In terms of GRACE, the spatial smoothing filter is required to suppress the “north–south” strip error in the processing of GRACE geopotential coefficients. Abundant rainfall means a strong HYDL signal in Southwest China. Coincidentally, regions characterized by such high hydrological signals are susceptible to spatial filtering, causing signal leakage (Chen et al. 2006; Swenson and Wahr, 2011). Using the GSM and GAC monthly solutions of GRACE, we acquired the average annual amplitudes of HYDL and NTAL + NTOL under different filter radii, as shown in Fig. 8a. The results show that, by enhancing the filtering strength, the amplitude of the HYDL is gradually attenuated, indicating that the spatial filtering in this region may cause signal leakage to the adjacent area. The effect of spatial filtering on the annual amplitude of NTAL + NTOL was negligible (< 0.15 mm). In addition, the land water storage estimated by SLM only contains variations in shallow soil moisture, snow depth water equivalent, and plant canopy surface water, but lacks deep soil moisture and groundwater storage changes. Therefore, the land water storage will be underestimated, especially in regions with high HYDL (Scanlon et al. 2019; Mo et al. 2016). Then, the weakened signal attenuates the annual deformation amplitude. In general, other geophysical signals and data processing errors in GPS, the leakage-out errors in GRACE, and the underestimation of land water storage in SLM are jointly responsible for the difference in amplitude among the three products.[image: ../images/40623_2021_1459_Fig8_HTML.png]
Fig. 8Reason for the difference among the three products. a Relation between the amplitude of gravity recovery and climate experiment (GRACE)-dependent loading deformation and filter radius; b simulative signals of hydrological loading (HYDL) and non-tidal atmospheric loading (NTAL) + non-tidal ocean loading (NTOL); c simulative signals of combined loading


In addition to the amplitudes, a systematic phase difference among the three products is shown in Fig. 7. The seasonal deformation in this area is the result of the aforementioned signals of HYDL, NTAL, and NTOL, which we referred to as Shydl, Sntal, and Sntol, respectively, in this section. Because the NTOL is faint, we combined the signals of NTAL and NTOL and marked it as Sa&o in the following content. The seasonal loading deformation in this area was the superposition of Shydl and Sa&o, as shown in Fig. 8b. If Shydl is underestimated (e.g., leakage-out error in GRACE and unmolded components in SLM) or overestimated (e.g., GPS processing errors) when the two annual signals are superimposed, the amplitude of the synthesized signal will be weakened or amplified, respectively, and the phase will change at the same time. We simulated the two signals using a sine function, and set the amplitude (Aa&o) and peak ([image: $$\varphi _{{{\text{a}}\&amp; {\text{o}}}}$$]) of Sa&o as 2.8 mm and the 172nd day, and set the peak of Shydl on the 84th day (these parameters were estimated by GRACE and SLM, as shown in “Results”). Then, we set the amplitude of Shydl to 5.2 mm (to simulate SLM), 6.5 mm (to simulate GRACE), and 9.4 mm (to simulate GPS), and combined them with Sa&o to obtain the superimposed signal (Stotal), as shown in Fig. 8c. The results show that the phase delays between GPSsimu/GRACEsimu, GPSsimu/SLMsimu, and GRACEsimu/SLMsimu were 8, 14, and 5 days, respectively. This indicates that approximately 50% (8/16 days), 64% (14/22 days), and 83% (5/6 days) phase difference between GPS/GRACE, GPS/SLM, and GRACE/SLM are caused by the underestimation or overestimation of Shydl. The remaining unexplained difference may be caused by the effects of local loading, the thermal expansion of the crust, and the error in the data processing.
Long-term crustal movement in Southwest China
As an elastic body, variations in the surface loading cause crustal deformation, primarily in the radial direction (Yan et al. 2019). Owing to the environmental mass redistribution (including hydrology and atmosphere), the vertical deformation in Southwest China tends to exhibit a downward tendency in addition to seasonal oscillation. Figure 9a shows the long-term surface mass changes and the resulting deformation estimated by GRACE from 2010 to 2020. In particular, we did not consider the impact of glacial isostatic adjustment in data processing, as Pan et al. (2016) and He et al. (2017) (including their citations) show that the correction model in this region is still controversial, owing to insufficient space geodetic data to restrain it. We assumed that other nontectonic geophysical factors (e.g., polar motion (King and Watson 2014), mantle anelasticity (Ding and Chao 2017)) did not influence loading deformation. Figure 9a shows that, in the study area, except for the northwest, the material in other regions increased at a rate of approximately 5–20 mm/year (in equivalent water height), with a peak increment in the eastern part of Sichuan. Furthermore, long-term vertical loading deformation rates at 41 GPS stations were estimated with the deformation time series acquired by GRACE. The rate ranges from − 0.79 to + 0.1 mm/year, with an average of − 0.58 mm/year, indicating that most areas were under subsidence due to the increased mass loading (Fig. 9a, white vector).[image: ../images/40623_2021_1459_Fig9_HTML.png]
Fig. 9Three-dimensional deformation in Southwest China. a Long-term surface mass variations (in equivalent water height, the background color), the linear vertical motion rate estimated by GRACE (white vector) and GPS (blue and red vector); red line represents the block boundary. b Vertical crustal motion rates by subtracting the rates of GRACE from the linear rates of GPS. F1: Anninghe fault; F2: Xiaojiang fault; F3: Red river fault; F4: Jinshajiang fault; F5: Xiaojinhe fault. I: South China block; II: Sichuan–Yunnan rhombic block; II1: West Sichuan block; II2: Central Yunnan block; III: Southwest Yunnan block. c Horizontal velocity field provided by Wang and Shen (2020)


In addition to mass loading, vertical motion is controlled by tectonic activities. The GPS records the vertical displacement caused by tectonic activity and mass variation simultaneously. We obtained the crustal motion rates by subtracting the mass loading deformation rates estimated by GRACE from the linear trend rates of the GPS (Fig. 9b). The corrected rates at 41 stations range from − 3.2 to 2.9 mm/year. As shown in Fig. 9b (three anomalous stations are not presented as they might be affected by local environmental loads), stations in the Sichuan–Yunnan rhombic block (block II in Fig. 9b) that are bounded by the Red river, Anninghe, Xiaojiang, and Jinshajiang faults are uplifted. In particular, the uplift at the Central Yunnan block (block II2 in Fig. 9b) and its eastern boundary are significant, with a upward rate of 1–3 mm/year, which is consistent with the value estimated by precise leveling (Su et al. 2018; Hao et al. 2014). In contrast with the uplifting points in the northeastern wall of the Red river fault, most of the points in the southwestern wall (block III in Fig. 9b) are under subsidence, which may indicate that the Red river fault is the constraining factor for vertical crustal motion in this area.
In addition, to analyze and explain the characteristics of vertical deformation in Southwest China, we collected the GPS horizontal velocity (Fig. 9c) provided by Wang and Shen (2020). The results show that the horizontal velocities rotate at the eastern Himalayan syntaxis; a part of which flows along the southeast direction to the east boundary of Sichhuan–Yunnan rhombic block. Affected by the Xiaojiang fault, the movement component along the fault causes a sinistral strike-slip motion, and the component perpendicular to the fault is blocked by the stable South China block, possibly causing crustal compression and uplift at the eastern boundary of the Central Yunnan block. Similarly, the horizontal crustal movement is affected by the northwest (NW) striking Red river fault. The velocity component along the fault direction causes a dextral strike-slip, and the component perpendicular to the fault direction uplifts the NE wall of the fault. Furthermore, the horizontal velocity in Southwestern Yunnan block (Fig. 9b, block III) featured with extensional movement in EW direction, which coincides with the signs of subsidence in the vertical direction.
Conclusions
The surface environmental mass redistribution and tectonic activity cause vertical deformation. Using GPS, GRACE, and SLM, we gained insight into the seasonal and long-term vertical deformation in Southwest China, and discussed the systematic differences in the seasonal scale among the three products. The main conclusions drawn are as follows.	1.
The seasonal deformation in Southwest China is mainly caused by the annual variations of HYDL, of which the annual amplitudes are approximately 2.3 and 17.3 times that of NTAL and NTOL, respectively.

 

	2.
The CC of seasonal deformation captured by the three techniques are 0.82 for GPS/GRACE and 0.81 for GPS/SLM. After subtracting the results of GRACE and SLM from the GPS time series, the average RMS reductions are 41.3% and 38.0%, respectively.

 

	3.
The annual amplitude and phase estimated by GPS, GRACE, and SLM show systematic differences. The annual amplitude estimated by GPS is 1.3 and 1.6 times those of GRACE and SLM, respectively. The uplift peak of the GPS was approximately 16 and 22 days earlier than that of GRACE and SLM, respectively. The underestimation or overestimation of HYDL signals can explain approximately 50%, 64%, and 83% phase lag between GPS and GRACE, GPS and SLM, GRACE and SLM, respectively.

 

	4.
The vertical crustal motion in Southwest China is block-dependent. The Central Yunnan block is uplifting with rate in 1–3 mm/year, and the Southwest Yunnan block is undergoing subsidence with rate in − 2 to 0 mm/year.

 




Acknowledgements
We acknowledge the International Mass Loading Service who provided the surface loading data, Center for Space Research (CSR), the University of Texas at Austin for GRACE data, CMONOC (Crustal Movement Observation Network of China) for GPS data, and China Meteorological Science Data Center for precipitation data. We thank the editor and two anonymous reviewers for their insightful comments, which help to improve the quality of this paper.

Authors’ contributions
GS: conceptualization, methodology, data processing, writing and editing. WZ: data validation, supervision, project administration. Both authors read and approved the final manuscript.

Funding
This research was funded by the National Natural Science Foundation of China (Grant No. 41804010) and Seismic tracking project of CEA (No. 2021010227).

Availability of data and materials
The GRACE, surface loading data, and precipitation data used in this study can be accessed at http://​www2.​csr.​utexas.​edu/​grace; http://​massloading.​net, and http://​data.​cma.​cn, respectively.

Declarations
Competing interests
The authors declare that they have no competing interests.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​.

References
	Altamimi Z, Collilieux X, Métivier L (2011) ITRF2008: an improved solution of the international terrestrial reference frame. J Geod 85(8):457–473. https://​doi.​org/​10.​1007/​s00190-011-0444-4Crossref

	Bettadpur S (2018) UTCSR level-2 processing standards document for level-2 product release 0006. Technical report GRACE. pp 327–742

	Birhanu Y, Bendick R (2015) Monsoonal loading in Ethiopia and Eritrea from vertical GPS displacement time series. J Geophys Res Solid Earth 120(10):7231–7238. https://​doi.​org/​10.​1002/​2015jb012072Crossref

	Blewitt G (2003) Self-consistency in reference frames, geocenter definition, and surface loading of the solid Earth. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2002jb002082Crossref

	Chen JL, Wilson CR, Famiglietti JS, Rodell M (2006) Attenuation effect on seasonal basin-scale water storage changes from GRACE time-variable gravity. J Geod 81(4):237–245. https://​doi.​org/​10.​1007/​s00190-006-0104-2Crossref

	Cheng M, Ries J (2017) The unexpected signal in GRACE estimates of C20. J Geod 91(8):897–914. https://​doi.​org/​10.​1007/​s00190-016-0995-5Crossref

	Davis JL, Elósegui P, Mitrovica JX, Tamisiea ME (2004) Climate-driven deformation of the solid Earth from GRACE and GPS. Geophys Res Lett. https://​doi.​org/​10.​1029/​2004gl021435Crossref

	Ding H, Chao BF (2017) Solid pole tide in global GPS and superconducting gravimeter observations: signal retrieval and inference for mantle anelasticity. Earth Planet Sci Lett 459:244–251. https://​doi.​org/​10.​1016/​j.​epsl.​2016.​11.​039Crossref

	Dong D, Fang P, Bock Y, Cheng MK, Miyazaki S (2002) Anatomy of apparent seasonal variations from GPS-derived site position time series. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2001jb000573Crossref

	Dong D, Yunck T, Heflin M (2003) Origin of the international terrestrial reference frame. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2002jb002035Crossref

	Fang M, Dong D, Hager BH (2014) Displacements due to surface temperature variation on a uniform elastic sphere with its centre of mass stationary. Geophys J Int 196(1):194–203. https://​doi.​org/​10.​1093/​gji/​ggt335Crossref

	Farrell WE (1972) Deformation of the Earth by surface loads. Rev Geophys 10(3):761–797. https://​doi.​org/​10.​1029/​rg010i003p00761Crossref

	Ferreira VG, Montecino HD, Ndehedehe CE, del Rio RA, Cuevas A, de Freitas SRC (2019) Determining seasonal displacements of Earth’s crust in South America using observations from space-borne geodetic sensors and surface-loading models. Earth Planets Space. https://​doi.​org/​10.​1186/​s40623-019-1062-2Crossref

	Fu Y, Freymueller JT (2012) Seasonal and long-term vertical deformation in the Nepal Himalaya constrained by GPS and GRACE measurements. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2011jb008925Crossref

	Gu Y, Yuan L, Fan D, You W, Su Y (2017) Seasonal crustal vertical deformation induced by environmental mass loading in mainland China derived from GPS, GRACE and surface loading models. Adv Space Res 59(1):88–102. https://​doi.​org/​10.​1016/​j.​asr.​2016.​09.​008Crossref

	Hao M, Wang Q, Shen Z, Cui D, Ji L, Li Y, Qin S (2014) Present day crustal vertical movement inferred from precise leveling data in eastern margin of Tibetan Plateau. Tectonophysics 632:281–292. https://​doi.​org/​10.​1016/​j.​tecto.​2014.​06.​016Crossref

	Hao M, Freymueller JT, Wang Q, Cui D, Qin S (2016) Vertical crustal movement around the southeastern Tibetan Plateau constrained by GPS and GRACE data. Earth Planet Sci Lett 437:1–8. https://​doi.​org/​10.​1016/​j.​epsl.​2015.​12.​038Crossref

	He M, Shen W, Pan Y, Chen R, Ding H, Guo G (2017) Temporal-spatial surface seasonal mass changes and vertical crustal deformation in South China block from GPS and GRACE measurements. Sensors. https://​doi.​org/​10.​3390/​s18010099Crossref

	Huang NE, Shen Z, Long SR, Wu MC, Shih HH, Zheng Q, Yen NC, Tung CC, Liu HH (1998) The empirical mode decomposition and the Hilbert spectrum for nonlinear and non-stationary time series analysis. Proc R Soc Lond A 454(1971):903–995. https://​doi.​org/​10.​1098/​rspa.​1998.​0193Crossref

	Jungclaus JH, Fischer N, Haak H, Lohmann K, Marotzke J, Matei D, Mikolajewicz U, Notz D, von Storch JS (2013) Characteristics of the ocean simulations in the Max Planck Institute Ocean Model (MPIOM) the ocean component of the MPI-Earth system model. J Adv Model Earth Sy 5(2):422–446. https://​doi.​org/​10.​1002/​jame.​20023Crossref

	King MA, Watson CS (2014) Geodetic vertical velocities affected by recent rapid changes in polar motion. Geophys J Int 199(2):1161–1165. https://​doi.​org/​10.​1093/​gji/​ggu325Crossref

	Kusche J, Schrama EJO (2005) Surface mass redistribution inversion from global GPS deformation and gravity recovery and climate experiment (GRACE) gravity data. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2004jb003556Crossref

	Kusche J, Schmidt R, Petrovic S, Rietbroek R (2009) Decorrelated GRACE time-variable gravity solutions by GFZ, and their validation using a hydrological model. J Geod 83(10):903–913. https://​doi.​org/​10.​1007/​s00190-009-0308-3Crossref

	Li Y-G, He D, Hu J-M, Cao J (2015) Variability of extreme precipitation over Yunnan Province, China 1960–2012. Int J Climatol 35(2):245–258. https://​doi.​org/​10.​1002/​joc.​3977Crossref

	Liu R, Zou R, Li J, Zhang C, Zhao B, Zhang Y (2018) Vertical displacements driven by groundwater storage changes in the North China Plain detected by GPS observations. Remote Sens. https://​doi.​org/​10.​3390/​rs10020259Crossref

	Luo J, Cui X, Hu X, Zhu M (2012) Research review of the division of active blocks and zoning of recent tectonic stress field in Sichuan–Yunnan region. J Seismol Res 35(3):309–317. https://​doi.​org/​10.​3969/​j.​issn.​1000-0666.​2012.​03.​003Crossref

	Mo X, Wu JJ, Wang Q, Zhou H (2016) Variations in water storage in China over recent decades from GRACE observations and GLDAS. Nat Hazards Earth Syst Sci 16(2):469–482. https://​doi.​org/​10.​5194/​nhess-16-469-2016Crossref

	Montillet J-P, Tregoning P, McClusky S, Yu K (2013) Extracting white noise statistics in GPS coordinate time series. IEEE Geosci Remote Sens Lett 10(3):563–567. https://​doi.​org/​10.​1109/​lgrs.​2012.​2213576Crossref

	Nahmani S, Bock O, Bouin M-N, Santamaría-Gómez A, Boy J-P, Collilieux X, Métivier L, Panet I, Genthon P, de Linage C, Wöppelmann G (2012) Hydrological deformation induced by the West African monsoon: comparison of GPS, GRACE and loading models. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2011jb009102Crossref

	Pan Y, Shen WB, Hwang C, Liao C, Zhang T, Zhang G (2016) Seasonal mass changes and crustal vertical deformations constrained by GPS and GRACE in Northeastern Tibet. Sensors. https://​doi.​org/​10.​3390/​s16081211Crossref

	Pan Y, Shen W-B, Shum CK, Chen R (2018) Spatially varying surface seasonal oscillations and 3-D crustal deformation of the Tibetan Plateau derived from GPS and GRACE data. Earth Planet Sci Lett 502:12–22. https://​doi.​org/​10.​1016/​j.​epsl.​2018.​08.​037Crossref

	Peng W, Dai W (2016) Vertical velocity estimation of GNSS reference station based on EEMD method and Husrt exponent. Eng Surv Mapp 25(04):60–65. https://​doi.​org/​10.​3969/​j.​issn.​1006-7949.​2016.​04.​014Crossref

	Peng W, Dai W, Santerre R, Cai C, Kuang C (2016) GNSS vertical coordinate time series analysis using single-channel independent component analysis method. Pure Appl Geophys 174(2):723–736. https://​doi.​org/​10.​1007/​s00024-016-1309-9Crossref

	Petrov L (2015) The international mass loading service. In: International Association of Geodesy Symposia, pp 2006–2007

	Ray J, Altamimi Z, Collilieux X, van Dam T (2007) Anomalous harmonics in the spectra of GPS position estimates. GPS Solut 12(1):55–64. https://​doi.​org/​10.​1007/​s10291-007-0067-7Crossref

	Rienecker MM, Suarez MJ, Todling R, Bacmeister J, Takacs L, Liu H, Gu W, Sienkiewicz M, Koster RD, Gelaro R (2008) The GEOS-5 data assimilation system-documentation of versions 5.0.1, 5.1.0, and 5.2.0

	Rodriguez-Solano CJ, Hugentobler U, Steigenberger P, Bloßfeld M, Fritsche M (2014) Reducing the draconitic errors in GNSS geodetic products. J Geod 88(6):559–574. https://​doi.​org/​10.​1007/​s00190-014-0704-1Crossref

	Royden LH, Burchfiel BC, van der Hilst RD (2008) The geological evolution of the Tibetan Plateau. Science 321(5892):1054–1058. https://​doi.​org/​10.​1126/​science.​1155371Crossref

	Save H, Tapley B, Bettadpur S, the CSR Level-2 Team (2018) GRACE RL06 reprocessing and results from CSR. In: European geophysical union general assembly conference, Vienna, Austria, April 2018. p 10697

	Scanlon BR, Zhang Z, Rateb A, Sun A, Wiese D, Save H, Beaudoing H, Lo MH, Müller-Schmied H, Döll P, Beek R, Swenson S, Lawrence D, Croteau M, Reedy RC (2019) Tracking seasonal fluctuations in land water storage using global models and GRACE satellites. Geophys Res Lett 46(10):5254–5264. https://​doi.​org/​10.​1029/​2018gl081836Crossref

	Shen Z-K, Lü J, Wang M, Bürgmann R (2005) Contemporary crustal deformation around the southeast borderland of the Tibetan Plateau. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2004jb003421Crossref

	Sheng CZ, Gan WJ, Liang SM, Chen WT, Xiao GR (2014) Identification and elimination of non-tectonic crustal deformation caused by land water from GPS time series in the western Yunnan province based on GRACE observations. Chin J Geophys 57(1):42–52. https://​doi.​org/​10.​6038/​cjg20140105Crossref

	Su G, Chang L, Xu M (2018) The analysis of vertical motion characteristics in Yunnan area based on precise leveling. Seismol Geol 40:1380–1389. https://​doi.​org/​10.​3969/​j.​issn.​0253-4967.​2018.​06.​013Crossref

	Sun Y, Riva R, Ditmar P (2016) Optimizing estimates of annual variations and trends in geocenter motion and J2 from a combination of GRACE data and geophysical models. J Geophys Res Solid Earth 121(11):8352–8370. https://​doi.​org/​10.​1002/​2016jb013073Crossref

	Swenson SC, Wahr JM (2011) Estimating signal loss in regularized GRACE gravity field solutions. Geophys J Int 185(2):693–702. https://​doi.​org/​10.​1111/​j.​1365-246X.​2011.​04977.​xCrossref

	Tesmer V, Steigenberger P, van Dam T, Mayer-Gürr T (2011) Vertical deformations from homogeneously processed GRACE and global GPS long-term series. J Geod 85(5):291–310. https://​doi.​org/​10.​1007/​s00190-010-0437-8Crossref

	Tregoning P, Watson C, Ramillien G, McQueen H, Zhang J (2009) Detecting hydrologic deformation using GRACE and GPS. Geophys Res Lett. https://​doi.​org/​10.​1029/​2009gl038718Crossref

	van Dam TM, Wahr J (1998) Modeling environment loading effects: a review. Phys Chem Earth 23(9–10):1077–1087. https://​doi.​org/​10.​1016/​s0079-1946(98)00147-5Crossref

	van Dam TM, Blewitt G, Heflin MB (1994) Atmospheric pressure loading effects on global positioning system coordinate determinations. J Geophys Res Solid Earth 99(B12):23939–23950. https://​doi.​org/​10.​1029/​94JB02122Crossref

	Wahr J, Swenson S, Zlotnicki V, Velicogna I (2004) Time-variable gravity from GRACE: first results. Geophys Res Lett. https://​doi.​org/​10.​1029/​2004gl019779Crossref

	Wang M, Shen ZK (2020) Present-day crustal deformation of continental China derived from GPS and its tectonic implications. J Geophys Res Solid Earth. https://​doi.​org/​10.​1029/​2019jb018774Crossref

	Wu Z, Huang NE (2011) Ensemble empirical mode decomposition: a noise-assisted data analysis method. Adv Adapt Data Anal 1(01):1–41. https://​doi.​org/​10.​1142/​S179353690900004​7Crossref

	Xiao X, Haberle SG, Shen J, Yang X, Han Y, Zhang E, Wang S (2014) Latest Pleistocene and Holocene vegetation and climate history inferred from an alpine lacustrine record, Northwestern Yunnan Province, Southwestern China. Quat Sci Rev 86:35–48. https://​doi.​org/​10.​1016/​j.​quascirev.​2013.​12.​023Crossref

	Yan H, Chen W, Zhu Y, Zhang W, Zhong M (2009) Contributions of thermal expansion of monuments and nearby bedrock to observed GPS height changes. Geophys Res Lett. https://​doi.​org/​10.​1029/​2009gl038152Crossref

	Yan J, Dong D, Bürgmann R, Materna K, Tan W, Peng Y, Chen J (2019) Separation of sources of seasonal uplift in China using independent component analysis of GNSS time series. J Geophys Res Solid Earth 124(11):11951–11971. https://​doi.​org/​10.​1029/​2019jb018139Crossref

	Yin A, Harrison TM (2000) Geologic evolution of the Himalayan-Tibetan Orogen. Annu Rev Earth Planet Sci 28(1):211–280. https://​doi.​org/​10.​1146/​annurev.​earth.​28.​1.​211Crossref

	Zhan W, Li F, Hao W, Yan J (2017) Regional characteristics and influencing factors of seasonal vertical crustal motions in Yunnan, China. Geophys J Int 210(3):1295–1304. https://​doi.​org/​10.​1093/​gji/​ggx246Crossref

	Zhan W, Tian Y, Zhang Z, Zhu C, Wang Y (2020) Seasonal patterns of 3D crustal motions across the seismically active southeastern Tibetan Plateau. J Asian Earth Sci. https://​doi.​org/​10.​1016/​j.​jseaes.​2020.​104274Crossref

	Zhang P, Deng Q, Zhang G, Jin MA, Gan W, Min W, Mao F, Wang Q (2003) Active tectonic blocks and strong earthquakes in the continent of China. Sci China D 46(S2):13–24. https://​doi.​org/​10.​3321/​j.​issn:​1006-9267.​2003.​z1.​002Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/40623_2021_1459_Article_TeX_IEq8.png
Pa&o





OEBPS/images/40623_2021_1459_Fig7_HTML.png
30°N & \/ i
\\Qv \q }SCSM Lﬁ
SCXC SCJL p SOMB

s SCXD
YNZD
SCNN
YNLJ YNYS
St stc
26°N [» YNYL YNDC

YNTC

YNYA YNYM
XIAG
YNCX KMIN
YNSD
YNJD YNML
24°N } :
YNRL YNLC YNTH

Apr. YNMJ YNWS
Jan. Jul.
YNLA YNSM YNJIP.
. Oct.
22°N 10 YNMH d
™% GRACE

—> GPS
—> SLM

L 1 1

98°E 100°E 102°E 104°E





OEBPS/images/40623_2021_1459_Article_TeX_IEq4.png





OEBPS/images/40623_2021_1459_Fig1_HTML.png
30°N

28°N

26°N

24°N

22°N

@
® o SGSM
SCJL ®
o SCXC e | SCMB
XZ 1 .gvx
SZMNL 7 SCXD o
% SCJU
. SCMIL
@
SCYY
S
Y YS ° *
o GZSC
SCPZ L7
® IIZ YNBDC
Yl o o I
i YNYA vaYM
(] )
YNIC g YNCX IMIN
YNSD % &
YNJD o YNML
o XP  [YNTH
o
eris o\ YNLC 1
] () [ ]
YNG YNMJ N7 YNWS
® o
YNSM YNJP.
YNLA
]
YNMb
98°E 100°E 102°E 104°E






OEBPS/images/40623_2021_1459_Article_TeX_IEq5.png





OEBPS/images/40623_2021_1459_Article_TeX_IEq6.png
Tm (1)





OEBPS/images/40623_2021_1459_Article_TeX_IEq7.png
S (1)





OEBPS/images/40623_2021_1459_Fig4_HTML.png
30°N |

28°N

26°N

24°N

22°N

‘ SCSM |
1 S \ SCSM
scxc
o SCXC SOUL T SCT e Gy SCJL vy tScvB \
XZCY. L
i i o0 o i \ SCMN SCXD scw. |
YNZD 7 SOML SCIU YNZD &6mi:
scyy e A
SCNN =7 MRS
YNLJ o AR
YNYS — YNHZs—®  Gzsc YNLITyNYS CPZ YNHZ GZSC
scpPz U
i YNYLo=T 1 YNYA o YNDC I YNYL [/ YNYA THhe |
| XIAG e YNYM XIAG Th
YNTC o3 NN R M (G KMIN
YNSDje 2 KMIN YNTC AT
YNJD &2 YNML YNSD \VNID YNML
YNXP
YNXP YNTH
B YRRESTORT A AR o YNTH 1 Vi YNLG |
i Gl >
NTAL+NTOL |ynGM YNMJ YNMZ HYDL IYNGM VMW
o YNWS Aor YNM) YNMZ
e YNIPe—
Jan: Jul.  [YNLA o= YNSM Jan Jul. YNSM YNJP
YNLA
Oct. YNMH e—3= b Oct. 1
3 mny 3 mm 5 mm, 5 mm YNMH
GRACE SLM GRACE SLM
98°E 100°E 102°E 104 E 98°E 100°E 102°E 104°E





OEBPS/images/40623_2021_1459_Fig6_HTML.png
30°N

28°N

26°N

24°N

22°N

a b
SCXC .scvx SCMB SCXC .scvx SCMB
XZCY XZCY. @489) @
SCXD. SCXD
SCMN ) | SCMN i
i Aoehr 1 Mt ASCRIE
SCYY, | SCYX.(75)
SCNN SCNN
YN ynvs @ @ YNLJ \g(s & @
N ) YNHZ | GZSC SCPz YNHZ) G750
YNDC ‘ ® YNDC
YNYL " (€0 } YNyl @D )
SIAG. YNYAZYNYM | YIAG.  YNYAZTTYNYM
YNTC gso YNCX KM% YNTCYNSD YNCX KMIN.
©0 i YNXP Y.NTH s A Y.NXP \gTHYNML
YNRL @ wic ® & I o @ YynLC @ G
YNGM OREA ’ 1 YNGM ? ‘
YNM. YNWS ‘ YNMUJ: 7 YNM YNWS
& YNJP @) @ YNJP
YN YNSM YNLA. YNSM
YNMH YNMH
98°E 100°E 102°E 104°E 98°E 100°E 102°E 104°E

| %






OEBPS/images/40623_2021_1459_Fig3_HTML.png
100
E 200+
£
< 300
S
©
:§400-/
3
& 5001
600 1 1 Precipitation
700+ | | HYDL Iojading
2012 2013 2014 2015 2016 2017 2018
e —— R ] |
0 100 200 300 -8 -4 0 4 8 h% I
Precipitation(mm) Displacement(mm) Peak Delay  NTAL HYDL NTOL

Precipitation

| -
(8] o (&) o

Displacement (mm)

-
o





OEBPS/images/40623_2021_1459_Article_TeX_Equa.png
RMS (GPS) — RMS (GPS — GRACE/SLM) “ 1

RMS,og =
d RMS (GPS)

00.





OEBPS/css/sidebar.gif





OEBPS/navigation.xhtml

    
      Contents


      
        		Seasonal and long-term vertical land motion in Southwest China determined using GPS, GRACE, and surface loading model


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40623_2021_1459_Article_TeX_Equ2.png
S () = Zz(t)wm(t),t: 1,2,...,

m
=1





OEBPS/css/cc-by.png
() _®





OEBPS/images/40623_2021_1459_Article_TeX_Equ1.png
l

Z [AC,n (t) cosmA + AS ,,, () sin mA]P,,,,, (cos 6),
ki m=0

60
def. = R Z —
n=1





OEBPS/images/40623_2021_1459_Fig9_HTML.png
‘ \a .
' =1.0 mm/yr

‘+1 .0 mm/yr

98°E 100°E 102°E 104°E 98°E 100°E 102°E 104°E 98°E 100°E 102°E 104°E
T E\\H (mm/y)
-30 -15 0 15 30

GPS: Tl +1.0 mm/yr A 20mmyr






OEBPS/images/40623_2021_1459_Figa_HTML.png
@ N -
g a2

Precipitation (mm)
&
g &

@
8

Precipitation |

700 ; HYDL loading
20127 2013 2014 1 g2015 2016 2017 2018
0 100 200 300 -8 -4 0 4 8
Precipitation(| Displ: Peak Delay NTAL HYDL NTOL Precipitation
Seasonal defo:31ation acquired by GPS, GRACE,. and S'LM at YNLC
20 i RS ¥ o : EE , e

-t
o

Displacement(mm)
o

-

s Nid ) .2 < e &5

5 \ = S K r e B o
- GPS filter —— SLM filter ® GRAGE_ - GPS daily solution '

= Y i |

20.11 2012 2013 2014 2015 2016 2017 2018 2019 2020

o

1
(4]
Displacement (mm)

1
-
o

98'E

100°E

' =1.0 mmiyr
*H,O mmiyr

102°E

104°E

Vertical crustal motion rates by subtracting the
rates of GRACE from the linear rates of GPS

in the southwest China.





OEBPS/images/40623_2021_1459_Fig2_HTML.png
t
(2] (=) o < < © 0 ] < oo
ER2] - S S — S ~ 3] 1) ©
T o o o o o — — [qV] (qV] [qV]
= )
z |
W k3 £ |
o 3 T
9 3 :
E P A\I el i o y
L L L L L L L
=] =) =} <) =) =} o (=] o )

LANI 84INI

Ko}

JR—
o

64Nl OFdINI s®4

2012 2014 2016 2018 2020

2010

2020

2018

I
(ww) uswaoe|dsiq

I
(ww) weawaoe|dsiq

I
(ww) usweoe|dsiq

2012 2014 2016

2010





OEBPS/images/40623_2021_1459_Fig5_HTML.png
Displacement(mm)

Displacement(mm)

Displacement(mm

N
(=]

—_
o

(=]

20

10

-
o

A
) S X

¢

.'z‘ ;3_..

clwa

Ao

2011 2012

2013

2014 2015 2016 2017 2018

2019

2020

2011 2012

2013

2014 2015 2016 2017 2018

2019

2020

2011 2012

— GPS filter

2013

2014 2015 2016 2017 2018

SLM filter ®GRACE --*GPS daily solution

2019

2020






OEBPS/css/envelope.png





OEBPS/images/40623_2021_1459_Article_TeX_IEq1.png





OEBPS/images/40623_2021_1459_Article_TeX_IEq2.png





OEBPS/images/40623_2021_1459_Article_TeX_IEq3.png





OEBPS/images/40623_2021_1459_Fig8_HTML.png
Loading (mm)

-10 1

a 70 T T T T .
£
€65 40 =
s g
é 6.0 a5 é
%_ [
Ess 303
g E
Z 5.0 253
=
4'50 200 400 600 800 20
Filter radius (km)
——eo—— HYDL amplitude = —=a— NTAL+NTOL amplitude
A c A NAwa=9.4 mm; Aago=2.8 mm)
194 ) (AW,=6 S mm; Aaco=2.8 mm)
Shydi=Anyar-sin( 27t +@hyar) /// e LAY U Py .
Sa&(:=/Aa&u-sin(27n+(pa&o) g //’::ij/,// \:g\:\ . Smml—ShdeSa&o

o L N,
£0 44

g [ 60 /120 180 240 ﬁo

= \ \\

Peak lag





