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Abstract:



Complex tectonic and non-tectonic movements exist in the Tianshan area. However, we have not acquired good knowledge of such movements yet. In this study, we combine Global Positioning System (GPS), the Gravity Recovery and Climate Experiment (GRACE) and Surface Loading Models (SLMs) data to study the seasonal vertical crustal displacements in the Tianshan area. The results show that all three datasets exhibit significant annual variations at all 26 local GPS stations. Correlation coefficients higher than 0.8 between the GRACE and GPS data were observed at 85% of the stations, and it became 92% when comparing GPS and SLMs. The Weighted Root Mean Squares (WRMS) reductions were 41% and 47% after removing the annual displacements of GRACE and SLMs from the GPS time series, respectively. The consistency between the GPS and SLMs data was higher than that between the GPS and GRACE data, which is mainly due to the dominant position of atmospheric loading in the study area. For the abnormal station XJYN (43°N, 81°E), the GPS time series showed an abnormal uplift from early 2013 to early 2015, but this not shown in the GRACE and SLMs results. We attribute this discrepancy to groundwater variations, which are not resolvable by GRACE and SLMs for small-scale regions.
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1. Introduction


Under the enormous northward extrusion dynamics of the Indian Plate, the crust in the Tianshan region has been subject to intense compression and uplift, resulting in the formation of a large-scale intraplate regenerated orogenic belt [1,2]. Since 1999, more than 20 continuous Global Positioning System (GPS) observatories have been established in this region by the Crustal Movement Observation Network of China (CMONOC) of the China Earthquake Administration. A large number of observations has been obtained to provide important information for accurate determination of the three-dimensional velocity field of the crust in Tianshan area, as well as for studying regional crustal movements and tectonic activities [3,4,5,6].



In addition to tectonic deformation, the vertical deformations of the surface observed by GPS also include significant non-tectonic seasonal variations, for which it is difficult to distinguish the sources of these signals. However, the seasonal vertical deformation, caused by environmental mass redistribution, can be observed through some other geodetic techniques, such as the Gravity Recovery and Climate Experiment (GRACE) and surface loading models (SLMs) [7,8,9,10,11]. The crustal vertical deformation obtained by GRACE can be used to exclude the non-tectonic impact caused by land water storage in the GPS results. SLMs can not only remove the corresponding seasonal effect of surface loadings in the GPS results, but also provide smaller scale change information that cannot be resolved by GRACE [12,13,14]. The combination of GRACE and SLMs is used to remove the effect of non-tectonic seasonal signals in the GPS data, which is helpful for obtaining accurate tectonic deformation field information and other geophysical phenomena we are interested in within the target area [15,16,17,18,19].



Moreover, there are many ice sheets in the Tianshan Mountains, and the rapid warming since 1985 has resulted in sharp glacial degeneration in this area [19,20]. Changes in the snow and ice resources in the mountains will have significant impacts on the redistribution of the terrestrial water storage and the socio-economic development of the region. Therefore, there is an exigency to study the seasonal variations in regional crustal deformation of Tianshan Mountains.



The primary purpose of this study is to analyze the consistency between the seasonal vertical crustal displacements derived from GPS, GRACE and SLMs in the Tianshan area and to obtain more information on the crustal tectonic deformation field of this area. Furthermore, Singular Spectrum Analysis (SSA) was used to analyze abnormal stations to obtain important information for studying regional environmental loading changes.




2. Data Processing and Methods


2.1. GPS Data


The GPS measurements used in this paper are provided by CMONOC and were collected from 26 continuous GPS stations in the Tianshan area. The data availability and locations of the GPS stations are shown in Figure 1. All 26 continuous GPS stations contains more than five years of observations.


Figure 1. Data availability (left) and the locations (right) of the GPS stations in the Tianshan area. This includes four long occupational sites (CHUM, POL2, URUM and WUSH) with approximately 15 years of observations (red triangles) and the other stations with nearly five years of observations (blue triangles).
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The GPS observations were processed using the Bernese Software Version 5.2 [21], with general models recommended by the International Earth Rotation Service (IERS) [22]. In addition, Finite Element Solutions 2004 (FES2004) ocean tidal loading corrections, diurnal (S1) and semi-diurnal (S2) atmosphere tidal loading corrections and absolute phase-center corrections for satellites and receivers, as issued by International GNSS Service (IGS) [23], were used to correct corresponding errors. The tropospheric delay was modeled using the Global Mapping Function (GMF) [24]; first-order ionospheric delays were eliminated by means of the ionosphere-free linear combination, and higher-order terms were also modeled [25]. The final coordinates were aligned with the the International Terrestrial Reference Frame 2008 (ITRF2008) with minimum constraint [26].



According to the above GPS data processing strategy, atmospheric loading, non-tidal ocean loading and terrestrial water storage loading remain present in the GPS vertical coordinate time series [27].




2.2. GRACE Data


GRACE Level-2 monthly data were obtained from the GSM Release-05 products provided by the Center for Space Research (CSR), University of Texas, for the same period as the GPS stations and up to harmonic degree 60. This product has already removed the mass contributions from the ocean and atmosphere. We replaced the C20 spherical harmonic coefficients with the results observed by satellite laser ranging [28]. The remaining signals represent the terrestrial water storage change and GRACE errors [29,30]. The GRACE gravity field has no geocenter motion contribution because GRACE is not sensitive to degree-one signals, whereas GPS data contain degree-one terms; therefore, we replaced the degree-one components in GRACE with the results obtained by Swenson et al. (2008) [31].



First, the average mean gravity field model between 2002 and 2016 was removed from the data product. Then, we applied Gaussian smoothing with a radius of 250 km to suppress errors at high degrees. The Empirical Orthogonal Function (EOF) analysis proposed by Wouters and Schrama (2007) [32] was directly applied to the spherical harmonic coefficients of the gravity fields.



To make the GRACE data comparable to GPS data, we added the GRACE Atmosphere and Ocean De-aliasing Level-1B (AOD1B) product to the GRACE spherical harmonic solutions.



The vertical surface displacement due to changes in mass loading can be expressed in terms of the spherical harmonics coefficients of the gravity field and the load Love numbers as follows [7,33]:
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(1)




where [image: ] is the Earth surface displacements in the radial directions, [image: ] is the average radius of the Earth, [image: ] represents the fully-normalized Legendre functions of degree [image: ] and order [image: ], [image: ] and [image: ] are the spherical harmonic coefficients anomalies with respect to the mean gravity field for the period ranging from 2002–2016 and [image: ] and [image: ] are the load Love numbers at degree [image: ]. Here, we adopt the load Love numbers from Farrell (1972) [34].




2.3. SLMs Data


The surface load models used for comparison with GPS and GRACE data include atmospheric, non-tidal ocean and terrestrial water storage loading. A summary of the models used to quantify the surface mass variations is provided in Table 1. The atmosphere and terrestrial water storage loading are from National Centers for Environmental Prediction-Department of Energy (NCEP-DOE) Reanalysis 2 products, which are an improved version of the NCEP Reanalysis 1 model that fixed errors and updated the parameterizations of physical processes. For the non-tidal ocean loading, we used Version kf080 [35] of the Estimating the Circulation and Climate of the Ocean (ECCO) ocean bottom pressure products. We can see that the spatial resolution of SLMs is slightly better than that of GRACE.



Table 1. Details of the surface loading models used. ECCO, Estimating the Circulation and Climate of the Ocean.







	
Surface Loading Models

	
Atmosphere NCEP

	
Non-Tidal Ocean ECCO

	
Terrestrial Water Storage NCEP






	
Version

	
Reanalysis 2

	
kf080

	
Reanalysis 2




	
Time solution

	
6 h

	
12 h

	
Daily




	
Grid spacing

	
2.5°

	
1° (except near the Equator)

	
1.875°




	
Spatial extent

	
Global

	
79.5°S–78.5°N

	
Global










Note that the groundwater is not included in the terrestrial water storage loading used in this study. Only the Soil Moisture (SM), Snow Water Equivalent (SWE) and canopy water content were used as input to calculate the land water storage loading time series, and there were two layers of SM (0–10 cm and 10–200 cm) in NCEP-DOE Reanalysis 2.



The displacement of a point on the Earth’s surface driven by SLMs can be determined by using Farrell’s functions [34] and the approach outlined in van Dam and Wahr (1987) [36]. Here, Green’s function derived in the Center of Figure (CF) frame was chosen to maintain consistency between the SLM loadings and GPS heights [37,38]. All the loading displacement time series were resampled to match the daily GPS result.





3. Results


With the above data processing strategy, GPS, GRACE and SLMs vertical deformation time series for each of the 26 CMONOC stations were obtained. The linear trends caused by tectonic process were removed from the time series [8,11,18].



Figure 2 shows the detrended vertical displacement time series for the 26 stations in our study areas. It can be seen that the GPS, GRACE and SLMs vertical time series show clear significant seasonal signals.


Figure 2. Detrended vertical displacement time series of GPS, GRACE and Surface Loading Models (SLMs) data for 26 GPS stations. The gray dots, red dots and blue lines represent the GPS, SLM and GRACE time series, respectively.
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To further analyze the correlation between the three time series, the mean, trend, annual and semiannual signals were simultaneously fitted using Equation (2) [39].
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(2)




where [image: ] is the daily solution epochs in decimal year, [image: ] is a constant, [image: ] is the uplift rate, coefficients [image: ] and [image: ] describe the annual periodic motion, and coefficients [image: ] and [image: ] describe semi-annual motion.



3.1. Seasonal Variations in GPS, GRACE and SLMs


The semi-annual signals of vertical displacements obtained from GPS, GRACE and SLM data are very small in the study area, only submillimeter; therefore, we merely compare annual signals herein. The best-fit annual amplitudes and phases from the GPS, GRACE and SLMs are listed in Table 2. The phase represents the time when annual vertical variations reach the peak value.



Table 2. Annual amplitudes and phases from the GPS, GRACE and SLMs (including atmosphere, non-tidal ocean and terrestrial water storage loadings). The units of annual amplitude (Amp.) and phase are mm and days, respectively.







	
Station

	
GPS

	
GRACE

	
SLMs

	
Atmosphere

	
Non-Tidal Ocean

	
Terrestrial Water Storage




	
Amp.

	
Phase

	
Amp.

	
Phase

	
Amp.

	
Phase

	
Amp.

	
Phase

	
Amp.

	
Phase

	
Amp.

	
Phase






	
CHUM

	
8.8

	
211.5

	
3.8

	
216.2

	
4.5

	
210.8

	
4.2

	
179.2

	
0.04

	
107.0

	
2.3

	
279.9




	
GSAX

	
3.6

	
157.7

	
3.2

	
155.4

	
3.3

	
154.4

	
3.7

	
173.0

	
0.06

	
143.7

	
1.3

	
47.6




	
GSDH

	
3.9

	
153.7

	
3.1

	
153.6

	
3.3

	
152.8

	
3.7

	
172.6

	
0.06

	
139.9

	
1.3

	
44.4




	
POL2

	
5.4

	
220.4

	
3.5

	
217.4

	
4.1

	
212.9

	
3.9

	
177.7

	
0.04

	
102.7

	
2.4

	
281.0




	
QHLH

	
3.4

	
158.6

	
2.7

	
136.6

	
2.6

	
131.3

	
2.8

	
164.5

	
0.06

	
131.8

	
1.6

	
41.1




	
URU2

	
5.7

	
187.7

	
4.2

	
191.1

	
4.5

	
184.4

	
4.7

	
180.3

	
0.05

	
138.0

	
0.5

	
334.7




	
URUM

	
7.4

	
190.4

	
4.1

	
187.6

	
4.3

	
182.6

	
4.8

	
178.9

	
0.05

	
138.0

	
0.7

	
331.9




	
WUSH

	
4.5

	
198.6

	
2.7

	
193.3

	
3.0

	
184.1

	
3.7

	
174.0

	
0.05

	
95.1

	
0.9

	
319.9




	
XJBC

	
6.5

	
197.2

	
2.7

	
188.7

	
3.4

	
177.3

	
4.1

	
176.9

	
0.05

	
82.4

	
1.0

	
361.9




	
XJBL

	
2.7

	
211.1

	
1.2

	
221.8

	
1.6

	
217.5

	
2.4

	
166.5

	
0.06

	
65.4

	
2.2

	
321.2




	
XJBY

	
6.0

	
197.3

	
2.9

	
192.0

	
3.4

	
185.8

	
3.8

	
176.7

	
0.05

	
122.8

	
0.7

	
318.0




	
XJDS

	
7.0

	
198.3

	
3.9

	
198.2

	
4.6

	
190.8

	
4.8

	
180.8

	
0.05

	
136.3

	
0.9

	
290.2




	
XJJJ

	
5.1

	
187.9

	
3.9

	
175.6

	
4.0

	
169.3

	
4.4

	
177.0

	
0.06

	
146.6

	
0.8

	
67.2




	
XJKC

	
3.6

	
190.8

	
2.9

	
185.5

	
3.8

	
177.1

	
4.4

	
177.9

	
0.05

	
111.6

	
0.7

	
347.5




	
XJKE

	
4.7

	
191.0

	
3.7

	
180.7

	
4.0

	
172.4

	
4.6

	
178.1

	
0.05

	
122.1

	
0.7

	
77.6




	
XJML

	
5.9

	
195.8

	
4.2

	
186.1

	
4.4

	
178.5

	
4.7

	
179.0

	
0.05

	
143.0

	
0.4

	
350.2




	
XJRQ

	
4.8

	
162.9

	
3.0

	
156.7

	
3.3

	
154.6

	
3.9

	
174.2

	
0.05

	
111.3

	
1.3

	
48.8




	
XJSH

	
7.2

	
196.4

	
4.1

	
194.6

	
4.8

	
187.1

	
4.9

	
180.9

	
0.05

	
137.5

	
0.6

	
300.2




	
XJSS

	
6.1

	
172.8

	
4.3

	
182.8

	
4.7

	
176.1

	
5.1

	
179.4

	
0.05

	
138.8

	
0.7

	
68.8




	
XJTZ

	
6.5

	
185.2

	
3.2

	
168.4

	
3.8

	
165.4

	
4.4

	
177.0

	
0.05

	
92.6

	
0.9

	
65.8




	
XJWL

	
3.9

	
197.0

	
3.9

	
187.2

	
3.5

	
177.7

	
4.0

	
177.0

	
0.05

	
130.9

	
0.5

	
351.3




	
XJWQ

	
6.6

	
215.6

	
4.1

	
207.7

	
4.7

	
201.1

	
4.3

	
180.8

	
0.05

	
135.3

	
1.6

	
279.5




	
XJWU

	
4.9

	
213.5

	
1.7

	
216.2

	
2.4

	
202.9

	
2.9

	
171.4

	
0.05

	
72.9

	
1.7

	
308.7




	
XJXY

	
5.4

	
201.5

	
3.0

	
198.3

	
3.8

	
193.0

	
4.0

	
178.3

	
0.05

	
126.2

	
1.1

	
282.3




	
XJYN

	
13.5

	
206.6

	
3.2

	
204.5

	
4.4

	
196.6

	
4.3

	
180.2

	
0.05

	
127.6

	
1.4

	
279.7




	
XJZS

	
4.5

	
206.6

	
2.6

	
200.3

	
3.3

	
189.9

	
3.6

	
175.9

	
0.04

	
112.7

	
0.9

	
298.5










It can be seen from Table 2 that among the three components of SLMs in the Tianshan area, atmospheric loading shows a maximum vertical seasonal variation amplitude of 5.1 mm, an average variation of 3–5 mm and a mean of 4.1 mm. Compared with other areas in the Chinese mainland, the Tianshan area is a region with less annual precipitation, where the vertical seasonal variation of the land water storage is small, in the range of 1–2 mm with a mean of 1.1 mm. However, the effect of non-tidal ocean loading can almost be ignored given the far distance between this area and the ocean. This indicates that atmospheric loading is the dominant environmental loading in the study area. At the 26 GPS stations in the study area, the annual peak of atmospheric loading usually appears around June, while that of terrestrial water loading varies greatly, usually reaching a maximum during February–March and October–December, which may be related to a smaller terrestrial water reserve and the exclusion of groundwater variations.



To provide a distinct view of the annual vertical displacements at the 26 stations obtained from GPS, GRACE and SLMs data, the amplitudes and phases of these signals are shown in Figure 3.


Figure 3. Annual vertical deformations from GPS, GRACE and SLMs data. The length of the vector represents the amplitude, and the phasors point directly in the direction of the maximum (‘up’ = max in January, ‘right’ = max in April, ‘down’ = max in July, ‘left’ = max in October) [10]. The red triangles represent the four long occupational sites (CHUM, POL2, URUM and WUSH) with approximately 15 years of observations and the blue triangles represent the other stations with nearly five years of observations.
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In general, the three geodetic datasets are highly consistent in terms of the amplitudes and phases of the vertical annual signals at most stations. GRACE and SLM data show better consistency, while the GPS results are different from both of them. The main reason for the difference is that GRACE and SLMs represent smooth results limited by spatial resolution, while GPS observations are more sensitive to local effects [17].



Here, we provide more statistical results. The mean amplitudes of annual signal variances are 5.68 mm, 3.30 mm and 3.75 mm, and the corresponding mean phases are 192.5 d, 188.3 d and 181.8 d for the GPS, GRACE and SLMs solutions, respectively. The results suggest that a slight systematic difference exists between the GPS and GRACE/SLMs results for both amplitude and phase. The GPS amplitudes are larger than the GRACE or SLMs amplitudes by an average factor of approximately 1.7, and the phases come later in the GPS observations compared with the GRACE or SLMs data for more than 80% of the stations. The discrepancies may be partly attributed to the GRACE data processing strategy [8,10,17,40], the shortcomings in groundwater variation simulations for the terrestrial water storage loading models [41,42,43], systematic errors in GPS solutions and local processes [8,44,45,46].



The difference vectors of the vertical annual signals between the GPS and GRACE/SLMs are given in Figure 4, which have a mean amplitude of 2.5 mm for GPS-GRACE and 2.2 mm for GPS-SLMs. It is important to note that for an abnormal station named XJYN, the differences in the annual amplitudes are 10.2 mm and 9.2 mm for GPS-GRACE and GPS-SLMs, respectively. The large discrepancy suggests that GPS appears to observe additional annual signals at this station, probably because the GPS observations are more sensitive to local effects, resulting in larger impacts.


Figure 4. GPS-GRACE and GPS-SLMs difference vectors for the vertical annual signals. The red triangles represent the four long occupational sites (CHUM, POL2, URUM and WUSH) with approximately 15 years of observations and the blue triangles represent the other stations with nearly five years of observations.
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3.2. GPS Residuals after Removing GRACE and SLMs


To quantitatively evaluate the consistency in seasonal variation among the three datasets, we calculated the relative correlation coefficients between each dataset. Although the correlation coefficient can effectively evaluate the similarity between two signals, it is only sensitive to the signal phase. Therefore, we removed the GRACE/SLMs-derived seasonal displacements from the GPS-observed height time series and computed the Weighted Root-Mean-Squares (WRMS) reductions using Equation (3) to give a more integrated explicit assessment [7,8,10,17]:


[image: ]



(3)







Most stations showed a high correlation in terms of annual variation between the GPS and GRACE/SLMs datasets in the Tianshan Mountains and its surrounding areas (Figure 5). Among these stations, 85% had a correlation greater than 0.8, and the mean correlation was 0.83 for GPS and GRACE. For GPS and SLMs, 92% had a correlation greater than 0.8, and the mean correlation coefficient was 0.87, indicating that the seasonal variations might originate in the same geophysical process in this area. Figure 6 shows the percentage reduction in GPS signal WRMS. All stations showed significant and consistent WRMS reductions: 58% of the stations had a WRMS reduction of more than 40%, and the mean reduction for all 26 stations was 40.76% for GPS-GRACE. For GPS-SLMs, 73% of the stations had a WRMS reduction of more than 40%, and the mean reduction was 46.94%.


Figure 5. Correlation coefficients computed for the annual vertical time series from the 26 stations based on the (a) GPS and GRACE and the the (b) GPS and SLMs datasets. The red triangles represent the four long occupational sites (CHUM, POL2, URUM and WUSH) with approximately 15 years of observations and the blue triangles represent the other stations with nearly five years of observations.
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Figure 6. GPS Weighted Root-Mean-Squares (WRMS) reduction (%) obtained by subtracting (a) GRACE or (b) SLMs vertical annual deformation from GPS height. The red triangles represent the four long occupational sites (CHUM, POL2, URUM and WUSH) with approximately 15 years of observations and the blue triangles represent the other stations with nearly five years of observations.
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It can be seen from the above results that the consistency between the GPS and SLMs vertical annual variations is higher than that between GPS and GRACE vertical annual variations. Compared with SLMs, GRACE provides a more accurate view of variations in the terrestrial water storage. However, atmospheric loading is the dominant environmental loading in the study area, rather than the land water storage loading. Furthermore, the spatial resolution of SLMs is slightly better than that of GRACE. Therefore, the consistency in the regional vertical annual signals between the GPS and SLM data is superior to that between the GPS and GRACE data.



For GRACE and SLMs, the consistency in vertical seasonal deformation was higher, and the statistical result of the correlation coefficients between them is only given herein. For GRACE and SLMs, 88% of the stations had a correlation coefficient greater than 0.9, and the mean correlation coefficient was 0.93. As SLMs data exclude groundwater variations, this result also indicates a small change in groundwater in the study area or that groundwater variations are unresolved under the spatial resolutions of GRACE and SLMs.





4. Analysis and Discussion of Abnormal Station


The vertical deformation at most stations in the study area showed high consistency and correlation between the GPS, GRACE and SLMs datasets. However, there were some abnormal stations. For example, at station XJYN, the vertical deformation time series obtained by GPS was quite different from those derived by GRACE and SLMs (Figure 2). Due to different spatial resolutions, GRACE and SLMs (whose resolutions only reach about 300 km and 200 km, respectively) are both insensitive to local signal changes, while the GPS seasonal signals represent the loading response at a single point, which can be significantly influenced by local environmental variations. Therefore, it is speculated that there are some local signals unresolved by GRACE and SLMs in this region, leading to differences in the GPS vertical displacement at this station.



To simplify the problem, we applied singular spectral analysis (SSA) [47] to the detrending of GPS time series (Figure 7a) and separating the abnormal signal (Figure 7b) and seasonal signal (Figure 7c). To exclude impacts from other geophysical signals, the vertical deformations induced by the atmosphere and non-tidal ocean model, as well as the terrestrial water storage were removed from the GPS vertical time series.


Figure 7. GPS vertical time series at station XJYN. (a) Detrended GPS time series; (b) separated abnormal signal; (c) separated seasonal signal.
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Figure 7b clearly shows that the abnormal variations have an uplift as large as ~10 mm, which is unusual in detrended GPS time series. In 2013 and 2014, the amplitude of the seasonal signal also became significantly larger than in the other years. This variation is synchronized with the abnormal signal, indicating that a geophysical event occurred during 2013 and 2014 and that this event had a seasonal feature. Therefore, tectonic movements can be ruled out. As the atmospheric loading and land water storage loading have been removed beforehand, the residuals are unlikely to cause such large signals. The nearest lake (Lake Sailimu) to station XJYN is ~70 km away and has an area of only ~470 km2. It would need an ~100-m change in water level to cause the 10-mm uplift seen at XJYN station according to disk load calculation [48]. This possibility can also be excluded as the mean water depth of Lake Sailimu is only 46 m. The remaining possibility is groundwater variation. Station XJYN is located in the lowest part of the Ili Valley, and there are abundant water resources there; therefore, we consider that the event that occurred in 2013 and 2014 is related to groundwater variation.



The monthly precipitation and temperature variations at station XJYN from January 2010–December 2015 are shown in Figure 8. It can be seen that since 2013, regional winter and summer precipitation has increased slightly compared with previous years. The low temperature and rainfall in winter are conducive to the rapid accumulation of snow and ice, while the high temperature in summer can accelerate the melting of glaciers, providing favorable conditions for dramatic changes in regional groundwater reserves. However, such signal changes in this region are most likely to be captured by GPS on a small scale, while on a larger scale range, this change is neglected.


Figure 8. Monthly precipitation and temperature changes at station XJYN from January 2010–December 2015. Data source: China Meteorological Data Network (http://data.cma.cn/site/index.html).
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However, due to a lack of effective groundwater observation data for station XJYN, a more detailed quantitative comparison was not possible to confirm this speculation, but it is considered through analysis that small-scale groundwater change is the main factor causing abnormal changes in the GPS vertical displacement at station XJYN. In addition to the contribution of the influence from regional groundwater variations, some factors unidentified by GRACE and SLMs, such as thermal elastic deformation [49], local load change and the difference in data processing strategy, may also lead to small differences in the results.




5. Conclusions


In this study, we combined GPS, GRACE and SLMs data to study vertical deformation on the Tianshan area. All of the GPS, GRACE and SLMs vertical time series showed significant seasonal variations.



The annual amplitudes and phases of the different components of the SLMs showed that in the Tianshan area, atmospheric loading is the dominant environmental effect, and the amplitude of terrestrial water storage loading is very small, accounting for about one-fifth of the atmospheric loading, while the influence of non-tidal ocean loading can be ignored. For the three geodetic datasets, the amplitude and phase of the vertical annual signal in the GRACE and SLMs data showed high consistency, while the results of GPS were different. The main reason for this difference may be that GPS observations are more sensitive to small-scale local effects, while the GRACE and SLM data are limited by low spatial resolution.



Moreover, the vertical components of more than 85% of the GPS stations exhibited a correlation of more than 0.8 with respect to the corresponding GRACE components, and 92% of the stations had a correlation greater than 0.8 for GPS and SLMs. In addition, the mean WRMS reductions were 41% and 47% after removing the annual displacements of GRACE and SLMs from GPS height time series, respectively. Compared with the consistency between GPS and GRACE vertical annual variations, the consistency between GPS and SLMs results was higher in our study area. Therefore, we consider that the campaign GPS time series can be modified by removing seasonal impacts using SLMs-derived seasonal variations in this area in the future.



Finally, the reasons for the abnormality at station XJYN were analyzed. First, SSA was used to separate the short and seasonal signals from the GPS time series, which confirmed a geophysical signal with seasonal variation at this station during 2013 and 2014. After excluding the influences from tectonic movements, atmospheric loading and land water storage loading, as well as the recent changes in the level of Lake Sailimu, the reason for the abnormal variation at this station was attributed to changes in groundwater. Meanwhile, monthly precipitation and temperature variations at station XJYN provided by the China Meteorological Data Network gave auxiliary evidence that this anomaly was caused by groundwater change. However, due to a lack of effective groundwater observation data for station XJYN, this conjecture is discussed, but not confirmed by further quantitative comparison.
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