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Abstract

:

The mass balance of water storage on the Tibetan Plateau (TP) is a complex dynamic system that has responded to recent global warming due to the special regional characteristics and geographical environment on the TP. In this study, we present global positioning system (GPS), gravity recovery and climate experiment (GRACE) and follow-on (FO) observations obtained during the 2002–2020 period to identify hydrological changes on the TP. The spatial long-term trends in the GRACE/GRACE-FO data show continuous glacier mass losses around the Himalayas and accumulated mass on the inner TP due to the increased water mass in lakes. The singular spectrum analysis (SSA) was applied for interpolation of the data gap with GRACE/GRACE-FO. We evaluated the correlation between the vertical displacements obtained from 214 continuous GPS stations and GRACE/GRACE-FO-modeled water mass loads and found a high correlation, with spatial variabilities associated with the seasonal terrestrial water storage (TWS) pattern. The common-mode component obtained from continuous GPS coordinates was decomposed using principal component analysis (PCA) and presented different periodic signals related to interannual fluctuations in hydrology and the dynamics of the inner Earth. Moreover, the various characteristics of precipitation and temperature revealed similar interannual fluctuations to those of the El Niño/Southern Oscillation. We conclude that the GPS-inferred interannual fluctuations and the corresponding GRACE/GRACE-FO-modeled hydrological loads reflect climate responses. These findings shed light on the complex role of the spatiotemporal climate and water mass balance on the TP since the beginning of the 21st century.
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1. Introduction


The mass transformations that occur in the water cycle in the Tibetan Plateau (TP) occupy an important position in Earth’s dynamic and climate change systems [1]. In addition to the north and south poles (Antarctic and Arctic), the TP, as the world’s “third pole”, breeds a huge total volume of water resources, i.e., glaciers, lakes and permafrost [2,3,4,5]. Widely distributed glaciers and snow on the plateau are the main sources of water for more than one billion people in East Asia and its surroundings; thus, this region is commonly known as the “Asian water tower” [6]. It is also the headstream of many large river basins, contributing to the survival and social stability and development of people. In the past 50 years, with accelerated global climate warming, high-elevation areas and low-lying plains have experienced faster temperature increases than other regions [7]. Under this climate background, the melting of glaciers and water runoff in high mountain areas have accelerated, lakes have expanded significantly, and the water cycle system has shown an overall imbalance on the TP [8,9,10]. Previous studies have shown that the melting of glaciers and thawing of permafrost on the TP have accelerated in recent years, further importantly impacting the rise of global sea levels [11,12,13]. Due to the increase in precipitation and the decrease in evaporation, the water levels of lakes in the TP and its surrounding areas have shown an upward trend [2,14]. In addition, the monsoon from India carries warm and humid air currents across the Himalayan margin, and these monsoon currents encounter cold air currents during their ascent, resulting in variable rain and snow and maintaining the dynamic balance of plateau glaciers [15].



Different glaciers in the alpine region of Asia have their own unique changes. For example, the glaciers distributed throughout TP can be divided into three categories based on the impacts of different climate factors. The glaciers in the southern TP are affected by heavy precipitation during the Indian Ocean monsoon in summer, while glaciers in the Pamirs are mainly affected by westerlies in winter. The glaciers within the inner TP are less affected by these two winds and are mainly controlled by the continental climate [15]. Therefore, the peaks of these different glaciers vary widely among different seasons. In addition, their glacier ablation rates are different. The glaciers on the southern tip of the TP and the Karakorum Mountains are melting at an accelerating rate, but the glaciers on the plateau melt very slowly [15]. The glacier changes in the Pamir Plateau are more complex, and these glaciers have even appeared to grow over a period of time [16].



In the past two decades, the quantitative estimation of the glacier mass balance of the TP based on GRACE data consistently shows that the loss of glaciers in this region has accelerated and has contributed significantly to sea level rise [17]. Matsuo and Heki (2010) [18] estimated the changes in ice and snow mass in the high areas of the TP based on GRACE satellite gravity data and suggested that the glacier melting rate is −47 ± 12 Gt/year without considering glacial isostatic adjustment (GIA); this value is equivalent to a sea level rise of 0.13 ± 0.04 mm/year. Jacob et al. (2012) [12] suggested that the glacier melting rate in the high-mountain area of the TP is −4 ± 20 Gt/year, which makes a significant contribution to the global average sea level rise, while Yi and Sun (2014) [19] gave a glacier loss rate of −41 ± 6.5 Gt/year. The latest result shows that the glacier mass reduction rate of the TP from GRACE and GRACE-FO data during 2003–2019 is −28 ± 6 Gt/year [20]. Different research results have great differences in different time periods. This can be mainly attributed to the limitation of the spatial resolution of GRACE data (usually approximately 400 km) and the differences in the data-processing methods used. In addition, there are many years of oscillating signals in the time series of surface water quality changes retrieved by GRACE satellites, and the geophysical mechanisms of these changes have not been effectively explained.



In this study, we evaluated the spatiotemporal variations in terrestrial hydrological mass changes on the TP and its surroundings using GPS and GRACE/GRACE follow-on (GFO) observations obtained from April 2002 to December 2020. The hydrologic signals and their induced elastic loading displacements are analyzed in detail at different timescales using Fourier spectra and wavelet time-frequency spectra. The interannual and transient fluctuations within the geodetic-inferred hydrological signals are highlighted as being associated with water transformations and climate changes over TP.




2. Data and Methodology


Continuous GPS (CGPS) observed time series contain a wealth of geophysical signals, which could be related to dynamic processes in different spheres of the Earth. The main sources of seasonal signals from GPS stations are hydrological and atmospheric loading effects, and these effects can also be retrieved from GRACE satellite gravity data. Using CGPS and GRACE/GRACE-FO observations to jointly evaluate the terrestrial water storage on the TP and its surroundings is significant and can further improve our understanding of hydrological dynamic processes at different spatial resolutions. Here, we applied CGPS and GRACE/GRACE-FO observations to identify interannual fluctuations in hydrological signals on the TP. The detailed research approaches used in this study are shown in Figure 1.



2.1. GPS Data and Processing


In this study, we collected 214 continuous GPS stations (Figure 2) from 2002 to 2020 around the TP from the Crustal Movement Observation Network of China (CMONOC I and II), Nevada Geodetic Laboratory (NGL) and MIBB [21,22]. Daily positions were computed with the GPS-Inferred Positioning System and Orbit Analysis Simulation Software version 6.2 (GIPSY6.2) software, with reference to the International Terrestrial Reference Frame 2014 (ITRF2014) [23]. The Vienna mapping function (VMF1) was adopted for troposphere corrections [24]. We considered the 1st (removed by a linear combination [LC] and phase center [PC]) and 2nd (modeled using ionosphere exchange [IONEX] data with 12th international geomagnetic reference field [IGRF12]) order effects in correcting the ionosphere effects [25]. Solid Earth tides and pole tides were removed with reference to the International Earth Rotation and Reference Systems (IERS) published in 2010 [26]. The Finite Element Solution 2004 (FES2004) model with elastic Green’s functions was used to correct for ocean tides and ocean tidal loading [27]. Finally, the atmospheric and non-tidal ocean loads were removed from the daily GPS coordinates using European Centre for Medium-Range Weather Forecasts (ECMWF) data [28].




2.2. GRACE and GRACE-Follow-On (FO) Data


GRACE/GRACE-FO measurements provide key data for identifying temporally varying water storage and mass transport in the Earth system since 2002 [29]. Here, we present data sources and processing techniques with which to extract reliable water mass changes and elastic load displacements from GRACE/GRACE-FO data on the TP. GRACE/GRACE-FO constrained 192 monthly mascon solutions (Release-06) from the Center for Space Research (CSR) at the University of Texas and from the Jet Propulsion Laboratory/California Institute of Technology (JPL) to estimate the mass variations in terrestrial water storage (TWS) on the TP. The data of the CSR and JPL GRACE/GRACE-FO mascon solutions span from April 2002–December 2020, respectively. In contrast to spherical harmonic solutions, mascon solutions are directly solved for mass variations without de-striping or filtering [30,31,32], depending on the external information provided by near-global geophysical models and an elastic loading algorithm considering equal-area grids. In addition, the spherical harmonic coefficients (SHCs) obtained from the CSR GRACE/GRACE-FO Level-2 products released from April 2002 to December 2020 were adopted for comparison with the mascon solutions. The detailed data processing strategies for the SHCs were conducted following previous studies [33,34]. Finally, Green’s functions [35] were used to derive the hydrological elastic load with the PREM Earth structure [36].




2.3. Meteorological Data


	(1)

	
Precipitation







The fifth-generation ECMWF atmospheric reanalysis of the global climate (ERA5) dataset was released by the European Centre for Medium-Range Weather Forecast. We used the monthly precipitation data output by ERA5; the time span of these data is from 1979 to 2021 and its spatial resolution is 0.25°. The data are provided by the Copernicus Climate Change Service [C3S] Climate Date Store [CDS] and can be downloaded from the following website: https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5 (last access on 21 October 2021).



In addition, the precipitation model of Global Precipitation Climatology Centre (GPCC) at 1.0° grid resolution was applied to make a comparison with the ERA5 [37]. GPCC monitoring product of monthly global land-surface precipitation based on the station database (SYNOP, CLIMAT) available via the Global Telecommunication System (GTS) of the World Meteorological Organization (WMO) at the time of analysis, which can be downloaded by https://opendata.dwd.de/climate_environment/GPCC/html/gpcc_monitoring_v2020_doi_download.html (last access on 21 October 2021).



	(2)

	
The surface air temperature







The temperature data model used in this paper is the GHCN_CAMS model [38], which consists of two datasets joined by the Global Historical Climatology Network (GHCN) and the Climate Anomaly Monitoring System (CAMS) solutions. The GHCN_CAMS model provides temperature change values at a height of 2 m near the surface of the Earth with a time span from 1948 to the present. The data sampling interval is 1 month, and the spatial resolution is 0.5°. The data can be downloaded from the following website: https://psl.noaa.gov/data/gridded/data.ghcncams.html (last access on 21 October 2021). Meanwhile, we used the ERA5 released temperature of air at 2 m above the surface of land at a regular lat-lon grid of 0.1 × 0.1 degree (downloaded at website: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=overview) (last access on 21 October 2021), in order to make it more believable.



	(3)

	
Climate index







Part of this article discusses the relationships between climate events and changes in land water quality. Version 2 of the multivariate ENSO index was adopted to identify the interannual response of the global climate; these data can be downloaded at https://psl.noaa.gov/enso/mei/ (last access on 21 October 2021).




2.4. Methods


In this study, a non-parametric and data-adaptive implement method proposed by Singular Spectral Analysis (SSA) was used to fill the data gap within the GRACE and GRACE-FO [39]. The singular spectrum analysis method is introduced below. One of the main advantages of this method is that it is non-parametric and data adaptive, which makes it has a wide range of application scenarios, especially in the fields of meteorology and oceanography [40,41]. The basic principle of SSA is to sample the time series into time-lag fragments, obtain relevant information between the fragments, and reconstruct the time series based on time correlation. SSA is further developed and can fill data gaps in time series based on the characteristics of available data samples [42,43].



In addition, the adopted spectral analysis methods, such as Fourier transform and wavelet spectrum were used to identify the periodic signals of the GPS, GRACE/GRACE-FO observations and climate datasets have been detailed description in previous study [44].





3. Results


3.1. The Surface Mass Balance from GRACE/GRACE-FO Observations over the TP


The surface mass redistribution data constrained from GRACE/GRACE-FO observations provide critical information to better our understanding of the water cycle in the specified areas. Changes in the terrestrial water storage (TWS), major components of the water mass, reflect changes in the water stored in soil, snow over land, and groundwater reservoirs [45]. Here, we presented the long-term trend of TWS (EWH, equivalent water height) in Tibet and its surroundings from GRACE/GRACE-FO measurements, as shown in Figure 3. The water storage changes in the TP derived by mascon and SHCs in the past 20 years, including the long-term trends and seasonal variations, show good consistency in their spatial patterns. The main difference lies in the spatial resolution calculated using the mascon products provided by JPL and CSR.



Figure 3 shows that the mass loss distributions are mainly concentrated in glacial areas, such as the Himalayas and Nyainqentanglha in the southern TP. The inner TP is dominated by large numbers of lakes, showing an increase in their overall mass; this increase is mainly caused by regional precipitation and replenishment from the melting of peripheral glaciers. The eastern margin of the Qinghai-Tibet Plateau, such as the Sichuan Basin and Yunnan-Guizhou Plateau, is mainly affected by an increasing water storage trend caused by monsoon precipitation.



Figure 4 presents seasonal TWS patterns (with the corresponding annual amplitude and phase) over the TP from the mascon and SHC solutions. The southern edge of the TP has larger annual amplitudes than the inner and northern regions; these higher amplitudes in the southeastern TP are a result of glacier change, which are mainly caused by seasonal monsoon precipitation [46]. Meanwhile, we find that the differences of the phase in western TP and eastern Himalayas are probably caused by the spatial patterns of precipitation brought by westerlies. The southerly winds and precipitation over the Indian Ocean accompanied by the East Asian summer monsoon regions are obviously enhanced in summer, while precipitation over the inner and northern TP is reduced in both summer and winter [47].



Figure 5a shows the monthly averaged time series of the TWS from GRACE/GRACE-FO over the whole region. The SSA-based TWS is almost consistent with time-varying characteristic of the original TWS. To highlight the interannual oscillations and transient variations in the water storage changes, we filtered them with a 2-year moving average by low = pass filtering. Peaks of original and SSA-based TWS were discovered during the period of 2008–2009 and 2011–2012, while there were no obvious fluctuations in the period from 2012 to 2017. After 2017, there was another obvious fluctuation during the period of 2016–2017 and 2018–2019 within original TWS, which is different with SSA-based TWS. It could be caused by data gaps during 2017–2018 within the GRACE/GRACE-FO products. The mean annual cycle of the whole TWS over the TP reveals that peak value occurs around summertime (August–September).



In addition, we performed Fourier transform and wavelet spectrum analyses on two kinds of data (see in Figure 5c and Figure 6). The seasonal signals (annual and semi-annual signals) of the data are obvious and are the main principal component of the temporally varying characteristic. We find that the annual and semi-annual signals of SSA-based TWS are larger than the original TWS, while with the decrescent of the interannual signals, especially during the period of 2014–2020 (Figure 6). The interannual oscillating signal mainly includes periodic signals with frequency bands of 2–7 years. There is a periodic signal of ~3.4 years with an amplitude of ~1 cm, which follows the amplitude of a semi-annual period.




3.2. The Elastic Deformation from GPS and GRACE/GFO Observations in TP


The solid Earth deforms elastically in response to surface water, atmospheric and nontidal ocean mass redistributions. GPS-measured vertical displacements include the elastic response of the Earth to a combination of regional and local loading signals arising from mass transfers [48]. First, we removed the atmospheric and nontidal loads from the GPS coordinate series to identify the hydrological signals within the GPS time series. To account for the inherently different sampling intervals of the GPS and GRACE/GRACE-FO measurements, we processed these data by batching the daily GPS time series to form monthly averaged versions of the vertical coordinate time series for the 214 GPS stations. Subsequently, Green’s functions were performed to estimate the elastic loading displacement from the three GRACE/GRACE-FO solution products. A comparison between the GPS, GRACE/GRACE-FO (averages of the three solutions) observations is presented in Figure 7, showing consistent variations in the temporal domain. The interpolated hydrological loading displacement is significant during 2017–2018 based on SSA approach.



Furthermore, we evaluated the Pearson correlation between the 214 monthly GPS time series and GRACE/GRACE-FO-modeled elastic displacements over the TP. The spatial patterns of the consistencies between the GPS-observed and GRACE/GRACE-FO-derived elastic loading displacements are presented in Figure 8. The average value of the Pearson correlation coefficients over all stations was 0.70. For the 214 long-term continuous GPS monitoring stations, the percentages of Pearson correlation coefficients that vary between 0 and 0.4, vary between 0.4 and 0.7, and exceed 0.7 are 6%, 35.1% and 58.9%, respectively. In addition, we found that the stations on the southern TP have higher correlations, and these correlations are mainly associated with the stronger seasonal TWS mass changes, as presented in Figure 4.



As suggested by previous studies [44], the common-mode component (CMC) within a dense GPS network is associated with interannual signals that could be related to the climate responses and inner dynamic processes of the Earth. Therefore, we decomposed the CMC from the 214 GPS time series throughout the TP. Here, the annual and semi-annual signals, as well as the long-term trends, were removed at each GPS time series before applying principal component analysis (PCA). We selected the scaled first PC as the common mode in TP due to the inconsistent spatial response of other modes [44]. The normalized spatial eigenvectors and time series of the common-mode components of the scaled first PC are shown in Figure 9a,b. Figure 9c shows the wavelet time-frequency spectra of the first PC; this PC involves interdecadal oscillations with periods of ~2–6 years. A periodic signal of ~6 years is also found within the first PC, which could be related to mantle-inner core gravity coupling (MICG), as suggested by Ding and Chao (2018b). The signals with periodic ~2–5 years interdecadal oscillations are mainly elastic loads associated with hydrological mass changes on the TP (see Figure 5c).




3.3. Spatial Long-Term and Interannual Climate Changes on the TP during 2002–2020


	(1)

	
The long-term precipitation and surface temperature trends







The water mass balance in high mountains is especially sensitive to climate change, particularly with regard to the dynamic processes of glaciers [49,50]. The long-term trend of TWS identified by GRACE/GRACE-FO shows significant glacier mass losses around the Himalayas that are mainly induced by the present-day climate conditions on the TP. Therefore, we examined changes in precipitation and temperature in the study area over the past two decades (see Figure 10). Figure 10a,b present the long-term trend of precipitation from two models, which are increasing in most glacial areas on the high mountain of TP. Among these regions, the increasing trend of precipitation on the southern edge of the TP is the largest, and the precipitation trends in other glacial areas are relatively weak, at approximately zero (Figure 10). Meanwhile, the increasing trend of precipitation is inducing the growth of TWS in the northeast TP, as shown in Figure 3.



The spatial differences between the two solutions of surface air temperatures from GHCN_CAMS and ERA5 models are mainly distributed on the Himalaya mountains, as shown in Figure 10c,d. Overall, the surface air temperatures in most areas on and around the TP showed increasing trends, indicating warming conditions during 2002–2020. Among them, the temperature in the Himalayas increased the fastest, with approximately 0.1 °C/year to 0.2 °C/year, while the temperature in the inner TP decreased slightly (Figure 10c,d). Precipitation is a direct source of replenishment for glacier quantity, while temperature directly affects changes in glacier quantity by directly affecting changes in evaporation [51]. The rapid melting of glaciers on the periphery of the TP can be attributed to the rising temperatures. The glacier changes in the Nyainqentanglha Mountains are relatively complex and are likely the results of a combination of reduced precipitation and rising temperatures [52]. The stable rising of temperature in the inner TP is also one of the important factors in the expansion of lake volumes [51].



	(2)

	
The interannual oscillations of precipitation and surface air temperatures







The ~6-year period signal is involved in GPS-decomposed first PC, which may be not associated with hydrological signal. Therefore, we removed it from the interannual oscillations of first PC as shown in Figure 11a. To further confirm the interannual oscillations of hydrological signals within the GPS-decomposed first PC and GRACE/GRACE-FO-modeled elastic load over the TP, we made a detailed comparison using the interannual variations in precipitation and surface air temperature, as shown in Figure 11b,c. The interannual variations of the corresponding climate models are consistent. The highlighted shades during 2008–2009, 2011–2012 and 2015–2016, showing the three extreme climate events (i.e., El Niño and La Niña) over the past two-decades (Figure 11d). We find that the transient variations within the GPS and GRACE/GRACE-FO observations more or less correspond to the fluctuations in precipitation and temperature. The mass changes indicated by the GPS, GRACE/GRACE-FO and climate conditions approached flat trends during 2012–2015. However, no fluctuation is obvious for the GRACE/GRACE-FO-modeled elastic load during 2015–2016.



The mean annual temperature anomaly was at its maximum in 2016, which should have generated a huge amount of glacier melting and lakes expansion [51], then inducing the transient increase of water mass over the TP. The accumulated water storage likely deformed the surface land, as presented in GPS-decomposed first PC (Figure 11a). Based on the interannual variation in the derived TWS (see Figure 5) and owing to the significant precipitation and temperature fluctuations during the same period, we conclude that the bias of fluctuations during 2015–2016 was mainly induced by a data gap within the GRACE/GRACE-FO product. Although we used the SSA method to interpolate the data gap within GRACE/GRACE-FO, the interannual fluctuations have not been well resolved. Therefore, the interannual dynamics of the hydrological signals identified by the GPS time series densities could be more scientific than those indicated by GRACE/GRACE-FO after 2015 on the TP.



Based on the TWS and hydrological elastic load fluctuations obtained from the GPS and GRACE/GRACE-FO observations, we conclude that during periods of high precipitation and low temperature, the GPS- and GRACE/GRACE-FO-derived loads are mainly elastic and are supercharged by the inevitably increasing TWS on the TP. In addition, the climate index (MEI) revealed interannual fluctuations over the past two decades, as shown in Figure 11. The features of the composite positive phase of the MEI correspond to El Niño events, while the opposite phase corresponds to La Niña events. We observed a significant El Niño event during 2014–2016 and two significant La Niña events during 2008–2009 and 2010–2012. La Niña events occur more frequently than El Niño events, and their intensities have been stronger than those of El Niño events over the past 20 years. In a year when an El Niño event occurs, warm winters often occur on the TP. In contrast, when La Niña events occur, the temperature fluctuation drops and is accompanied by a cold winter on the TP, as presented in Figure 9. Therefore, ENSO is a strong signal affecting climate anomaly but is only one of the main factors influencing variation of water storage on the TP.





4. Discussion


Accelerated global warming has led to imbalances in the water cycle and glacier mass balance on the TP since 2000. Under this climate background, the melting of glaciers in high-mountain areas has accelerated, lakes have expanded significantly, glacier runoff has increased and the water cycle system on the TP has shown an overall imbalance [10]. Moreover, the monsoon from India carries warm and humid airflows across the Himalayan barrier; these airflows encounter cold airflows during their ascent, resulting in variable rainfall and snowfall while maintaining the dynamic balance of plateau glaciers [15,46,53]. Geodetic-observed hydrological dynamic processes bring us a deeper understanding of the present-day changes of the water cycles on the TP [54,55,56]. The spatial patterns of the long-term TWS obtained from GRACE/GRACE-FO reveal that glacial mass loss has become a major concern on high mountains covered by glaciers over the past two decades, as shown in Figure 3. Meanwhile, the spatial differences of annual cycle and its phase are mainly climate responses to multi-monsoons over the TP.



Moreover, the increased precipitation on the inner TP has led to increases in both lake water and groundwater storage, thereby inducing increased TWS throughout TP [46,57]. In addition, the TP is getting warmer and wetter, and the air temperature has increased significantly, particularly since 2002 (in Figure 9). Slight increases in precipitation have occurred over the entire TP with clear spatial variability. The intensification of the surface air temperature is associated with variations in precipitation and decreased snow cover depths, spatial extents and persistence [58].



Researching the seasonal and interannual fluctuations in water storage changes is of great significance, as this information can help us obtain new insights into hydrological processes and climate changes over TP [59,60]. We present the interannual oscillations contained within GPS and GRACE/GRACE-FO observations to reveal the variations of hydrological mass changes in the TP. GPS present high correlation with GRACE/GRACE-FO-modeled elastic loading, revealing the homologous seasonal and interannual fluctuation of hydrology over the TP. In addition, the observed interannual fluctuations in the GRACE/GRACE-FO-derived TWS and elastic loading displacements can be explained as interannual dynamic hydrological processes of the TP. The transient variations in the first common-mode component derived from the GPS coordinates not only involve hydrologic signals [61], but are also associated with an increasing number of ~6-year geophysical signals from the inner Earth [44,62,63]. In addition, the transient variations during different periods within precipitation and temperature are coupled with fluctuations in the climate responses leading to GPS and GRACE/GRACE-FO-observed hydrologic elastic deformation over the TP.




5. Conclusions


Hydrological mass changes are complicated dynamic processes on the TP and are involved in present-day climate responses. In this study, we utilized GRACE/GRACE-FO and GPS data to evaluate seasonal and interannual hydrological mass changes on the TP from April 2002 to December 2020. The spatial pattern of the long-term trend of TWS reveals sustained glacier mass losses in the southern TP, and mass increases (primarily derived from the lakes’ expansion) in the inner TP. A high correlation was found between the GPS- and GRACE/GRACE-FO-modeled hydrologic elastic loading displacements, especially on the southern TP. We decomposed the first common-mode component within the dense GPS network on the TP and found a signal with a ~6-year period that could be related to the inner oscillation of the Earth. In addition, the interannual oscillations within the GPS and GRACE/GRACE-FO data during ~2–5-year periods are mainly induced by hydrologic elastic loads, which could be related to climate responses. We estimated the spatial patterns of the long-term trends in precipitation and surface air temperature, as well as their interannual variations, and found that the interannual fluctuations were coupled with climate anomalies on the TP since 2002. The transient fluctuations of GPS and GRACE/GRACE-FO modeled elastic displacements are mainly associated with anomalous variations of precipitation and temperature over TP. Overall, the geodetic-measured hydrological mass changes on the TP, including the corresponding seasonal and interannual characteristics, were also coupled with the global climate changes associated with ENSO events.
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Figure 1. The research frame of the hydrological interannual fluctuation on the Tibetan Plateau (TP) in this study. AN denotes the atmospheric and nontidal ocean loads. 
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Figure 2. The distribution of the continuous GPS sites in the Tibetan Plateau (TP) and surroundings. The blue squares denote the CGPS from Crustal Movement Observation Network of China (CMONOC I and II), and red squares denote CGPS from Nevada Geodetic Laboratory (NGL), USA, via web server of http://geodesy.unr.edu/ (last access on 21 October 2021), and green squares are CGPS from Myanmar-India-Bangladesh-Bhutan (MIBB) GPS network at ftp://datacollection.earthobservatory.sg/ (last access on 21 October 2021). The dashed pink and black curves are focus areas in this study. 
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Figure 3. The long-term trend of TWS (in cm/year of equivalent water height) in the TP over the period of April 2002–December 2020. (a,b) are the mascon solutions from CSR and JPL, respectively. (c) is the SHCs constrained TWS using the forward model. 
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Figure 4. The GRACE/GRACE-FO derived seasonal mass changes of TWS over the TP. (a,b) are the CSR mascon-derived annual amplitude and its phase of TWS. (c,d) are the JPL mascon-derived annual cycle and its phase of TWS. (e,f) are the CSR-SHC-derived annual cycle and its corresponding phase of TWS. 






Figure 4. The GRACE/GRACE-FO derived seasonal mass changes of TWS over the TP. (a,b) are the CSR mascon-derived annual amplitude and its phase of TWS. (c,d) are the JPL mascon-derived annual cycle and its phase of TWS. (e,f) are the CSR-SHC-derived annual cycle and its corresponding phase of TWS.



[image: Remotesensing 13 04277 g004]







[image: Remotesensing 13 04277 g005 550] 





Figure 5. (a) The averaged time series of TWS over TP spanning 2002–2020 and its filtered >0.5 cpy. (b) The mean annual cycle of original and SSA-based TWS. (c) The Fourier amplitude spectra of GRACE/GFO solutions. 
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Figure 6. (a,b) are the wavelet time-frequency of original and SSA-based TWS, respectively. 
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Figure 7. The gray lines denote the detrended daily GPS vertical displacement observations, and the green lines are the corresponding GPS observations with monthly averaging. The red lines are the monthly de-trended GRACE mass loading deformation. The locations of the five GPS time series are marked in Figure 2. 
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Figure 8. The colored squares denote the Pearson correlation coefficients that reflect the consistencies of the monthly GPS-observed coordinate displacement and corresponding GRACE/GRACE-FO-derived surface mass loading. 
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Figure 9. Spatial patterns of the scaled principal components (PCs) in the TP. Symbols represent positive responses to the scaled PC. (a) is the normalized spatial eigenvectors from PC1 on the vertical component. (b) Time series of the common mode components of scaled PC1. (c) Spectrum analysis of PC1. 
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Figure 10. Spatial long-term trend of precipitation based on ERA5 (a) and GPCC (b) models, and surface air temperature based on GHCN_CAMS (c) and ERA5 (d) over the TP during 2002 to 2020, respectively. 
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Figure 11. (a) the interannual fluctuations identified by GPS-decomposed 1st PC (with ~6-year signal removed) and GRACE/GRACE-FO. (b,c) are the annual and interannual variations of precipitation and surface air temperature in TP during 2002–2020, respectively. (d) the climate index of the multivariate ENSO index (MEI version 2). 
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