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ABSTRACT 
 

 

The North China (NC) has suffered irreversible land subsidence in specific regions as a result of 

groundwater storage depletion. Investigating the influence of surface mass loading on seasonal 

deformation is essential for isolating accurate tectonic deformation linked to uplift and subsidence. 

This study utilized data from the Global Navigation Satellite System (GNSS) and Surface Loading 

Models (SLM) derived from the German Research Centre for Geosciences (GFZ) and the 

International Mass Loading Service (IMLS), covering the period from January 2011 to March 

2023, to investigate the impacts of hydrological loading (HYDL), atmospheric loading (ATML), 

and non-tidal ocean loading (NTOL) on seasonal deformation in NC. The results indicated that the 

average root mean square (RMS) reduction value was -2.74 %, 5.9 %, and 1 % after deducting the 

deformation attributed to HYDL, ATML, and NTOL based on GFZ, respectively. Conversely, the 

average RMS reduction value from IMLS was 0.99 %, 5.6 %, and 1 %, respectively. Furthermore, 

the average annual amplitudes and phases in the seasonal deformations induced by ATML and 

GNSS time series were 4.7 mm and 175°, and 4.6 mm and 138°, respectively, indicating that the 

ATML can serve as a principal driving force for GNSS seasonal deformation in comparison of 

HYDL and NTOL. Additionally, we assessed the effect of surface mass loading on velocity and 

its uncertainty estimated from GNSS time series using the combination of white noise and flicker 

noise models, the results demonstrated that the average velocity and its uncertainty was 0.04 mm/a 

before and after SLM correction, revealing that that surface mass loading has a negligible influence 

on velocity and its uncertainty in NC.  
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1. INTRODUCTION 

The North China (NC) region, recognized as the 

political and cultural center of China, serves as a vital 

economic hub and a principal grain production region. 

This region is comprised of Beijing, Tianjin, Hebei, 

and Shanxi, as well as the Inner Mongolia 

Autonomous Region (Wu et al., 2015; Liu et al., 

2022). The massive exploitation of coal mines and 

groundwater for agricultural irrigation and domestic 

water use has resulted in considerable land subsidence 

in North China (e.g., Cangzhou, Hengshui) in recent 

years, which is attributed to the redistribution of 

surface mass loading (Zhang et al., 2025). The Earth 

is recognised as an elastic body, with deformation 

owing to uplift and subsidence being markedly 

affected by the redistribution of surface mass loading 

linked to non-tidal ocean loading (NTOL) (Haritonova 

et al., 2021), atmospheric loading (ATML) (Martens 

et al., 2020; Hohensinn et al., 2024), and hydrological 

loading (HYDL) (Chanard et al., 2014; Sauveur et al., 

2024). A thorough comprehension of the impacts of 

HYDL, ATML, and NTOL on GNSS time series is 

crucial for isolating non-tectonic deformation. 

Consequently, investigating the seasonal deformation 

related to changes in surface mass loading in North 

China is of great significance for accurately 

determining tectonic deformation and elucidating land 

subsidence mechanisms, which are vital for the 

rational development of groundwater and sustainable 

urban construction. 

The seasonal deformation yielded by ATML, 

HYDL, and NTOL can be measured using Global 

Navigation Satellite System (GNSS) (Xue et al., 2021; 

Wang et al., 2025) and Gravity Recovery and Climate 

Experiment (GRACE) along with GRACE Follow-On 

(GRACE-FO) (Heki et al., 2023). Additionally, these 

deformations can be effectively characterized by 

surface loading models (SLM) (Niu et al., 2022). 

Numerous studies have concentrated on characterizing 

the effects of ATML, HYDL, and NTOL at both 

global and regional scales through the integration of 

GNSS, GRACE/GRACE-FO, and SLM (Su et al., 

2021; Liang et al., 2021; Crossley et al., 2023; Zhang 

et al., 2023). Quiete a few researchers have 

investigated the impact of ATML on seasonal 

variations in GNSS time series (He et al., 2022; 

Gobron et al., 2021; Li et al., 2024) revealing 

markedly greater magnitudes in high-latitude regions 
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compared to low-latitude locations. A host of studies 

have shown a strong correlation between GNSS time 

series and the seasonal deformations induced by 

HYDL in specific regions, particularly in Amazon 

Basin (Ferreira et al., 2021), California (Carlson et al., 

2022), and Yunnan (Jiang et al., 2021), where 

significant seasonal variations in continental water 

storage. Many studies have confirmed that the 

deformations caused by NTOL are confined to 2 mm 

in the inland region (Van Dam et al., 2012). In general, 

seasonal deformation resulting from the redistribution 

of surface mass loading can account for ~50 % of the 

annual amplitude variation in the GNSS time series 

under ideal conditions, and less than 20 % in 

horizontal deformation (Li et al., 2024).  

Numerous researches have conducted the surface 

mass changes and their driving factors using GNSS, 

GRACE/GRACE-FO, and SLM data in North China 

(Wang et al., 2017; Jiang et al., 2024; Wang et al., 

2023). Feng et al. (2022) proposed that ATML is 

a primary factor affecting the vertical GNSS seasonal 

deformation in North China. Li et al. (2020) and Liu 

et al. (2014) demonstrated that the seasonal 

deformation acquired from GNSS shows a good 

agreement with GRACE data, particularly when the 

combined impacts of ATML and NTOL (GAC 

solutions) are incorporated into the GSM solutions. 

Owing to the limitations in temporal and spatial 

resolution of GRACE/GRACE-FO, the SLM is more 

suitable for investigating seasonal deformation related 

to the redistribution of surface mass loading, as it can 

effectively represent large-scale surface mass loading 

signals and precisely capture local details in small-

scale areas. Moreover, significant gaps exist in 

GRACE/GRACE-FO data, particularly between the 

years 2017 and 2018. More importantly, the difference 

in input data and assimilation methods employed by 

various institutions may lead to diverse effects of 

ATML, HYDL, and NTOL on GNSS seasonal 

deformation. Consequently, the selection of suitable 

SLM data sourced from diverse institutions is crucial 

for correcting seasonal variations in vertical GNSS 

time series within a certain region. In this study, we 

utilized the GNSS and different SLM data to 

investigate seasonal loading deformation in North 

China. Our research primarily focused on two major 

aspects: (1) Which SLM data has the most significant 

impact on the seasonal deformation of GNSS time 

series in North China? (2) Which sort of surface mass 

loading (ATML, HYDL, NTOL) predominantly 

influences seasonal deformation in North China? 
 

2. DATA PROCESS AND METHODS  

2.1. VERTICAL GNSS TIME SERIES DATA 

We performed an investigation of seasonal 

deformation utilizing vertical GNSS time series over 

the period from January 2011 to March 2023 in North 

China, which is obtained from the GNSS data product 

service platform of China Earthquake Administration 

(http://www.cgps.ac.cn). Figure 1 illustrates the 

spatial distribution of 31 GNSS stations situated in 

North China. The GAMIT/GLOBK software was 

carried out to process the GNSS data. Initially, the 

unconstrained daily GNSS solutions were calculated 

for 31 stations using GAMIT software, encompassing 

station coordinates, satellite orbits, and zenith 

tropospheric delays. The primary strategies for 

processing are as follows: 1) the influences of polar 

tides, earth tides, and ocean tides, owing to Earth's 

rotation axis and gravitational pull of the moon and 

sun, were corrected using the corresponding models of 

IERS2010, FES2004, and IERS03, respectively; 

2) The antenna offsets of GNSS receivers were 

calibrated utilizing the latest satellite and antenna 

absolute phase center correction model. Finally, the 

daily solutions produced by GAMIT software were 

ultimately transformed into the ITRF 2014 using 

a seven parameters transformation method. More 

information about GNSS data processing can be refer 

to Zhao et al. (2015).  

It is unavoidable that offsets, outliers, and 

missing data present in the vertical GNSS time series. 

Therefore, it is indispensable to preprocess the vertical 

GNSS time series before conducting seasonal 

deformation analysis. The primary strategies 

employed for preprocessing in this study as follows: 

(1) Outliers were identified and removed from GNSS 

time series based on the interquartile range rule 

method (Suraci et al., 2025; Zhou et al., 2025); 

(2) Offsets resulting from the GNSS antenna changes, 

earthquakes, and other factors such as multipath 

effects, as well as variations in the reference frames 

employed during data processing, were rectified using 

least squares fitting method (Bevis et al., 2014; Huang 

et al., 2025); (3) We adopted the GNSS Missing Data 

Interpolation (GMIS) Software, developed by Liu et 

al. (2018), to resolve the issue of missing data. This 

dynamic spatial-temporal interpolation method 

utilizes a kriging Kalman filter, exhibiting remarkable 

efficacy in addressing continuous and random data 

discontinuities derived from GNSS network time 

series, this approach is extensively applied for gap-

filling in missing GNSS time series (Peng et al., 2024; 

Tang et al., 2023). Figure 2 depicts the position offset 

correction, outlier removal, and interpolation results at 

the HECT station. As shown in Figure 2d, the 

interpolated data have a strong consistency with the 

GNSS time series, indicating distinct seasonal 

variations. 
 

2.2. SURFACE LOADING MODEL DATA 

The Earth's surface exhibits an elastic response 

to the redistribution of surface mass loading linked to 

HYDL, ATML, and NTOL, revealing significant 

seasonal deformations observed by GNSS stations. To 

quantify these effects, two principal modelling 

approaches are typically employed: the load Green’s 

function was developed by Farrell based on 

Longman’s Earth load theory (Farrell, 1972; 

Longman, 1963). This method computes surface 

deformation by convolution integrals applied to the 

Green's function. The spherical harmonic function 
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Fig. 1 Spatial distribution of 31 GNSS stations located in North China. The red dots represent GNSS stations. 

 

Fig. 2 Processing of vertical GNSS time series at the HECT station. (a), (b) represents before and after position 

offset correction, respectively;(c), (d) represents origin GNSS time series and GMIS interpolation results, 

respectively; (e) represents outlier removal. The blue dot represents the original vertical GNSS time 

series, whereas the red line represents the vertical GNSS time series modeled by the least squares fitting 

method, and the green and red dots represents the outlier of GNSS vertical time series and interpolation 

data, respectively 
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Fig. 3 The surface mass loading time series supplied by GFZ and IMLS at HECT station: (a), (c), (e) represents 

the HYDL, ATML, NTOL deformation from GFZ, respectively; (b), (d), (f) represent the HYDL, ATML, 

NTOL deformation from IMLS, respectively 

 
method (Wang et al., 2014) is employed to decompose 

the global mass load into spherical harmonics. The 

surface mass loading deformation in the topocentric 

coordinate system is obtained by integrating and 

summing the spherical harmonic domains according to 

the latitude and longitude of the station, while 

applying Farrell’s definition of load Love numbers. In 

this study, SLM data from the German Research 

Centre for Geosciences (GFZ) and the International 

Mass Loading Service (IMLS) were adopted to 

evaluate seasonal deformations resulting from HYDL, 

ATML, and NTOL effects. The SLM data from the 

GFZ are modeled using the Green's function method. 

The HYDL deformations derived from the Land 

Surface Discharge Model (LSDM) model (Dill et al., 

2008), with a temporal and spatial resolution of 

0.5°×0.5°×24h, primarily encompass soil moisture, 

river and lake water content, and snow water 

equivalent. The ATML and NTOL deformations were 

calculated using the European Centre for Medium-

Range Weather Forecasts (ECMWF) model and Max 

Planck Institute Ocean Model (MPIOM) (Marsland et 

al., 2003), with a temporal and spatial resolution of 

0.5°×0.5°×3h, respectively. The HYDL, ATML, and 

NTOL deformation based on GFZ in relation to the 

GNSS stations in North China, are acquired by 

interpolating the global grid data through the bilinear 

method. The SLM data supplied by the IMLS are 

constructed by the spherical harmonic function 

method. The HYDL deformation from the IMLS is 

computed using the MERRA2 (Modern-Era 

Retrospective Analysis for Research and Applications, 

version 2) model (Gelaro et al., 2017), with a temporal 

and spatial resolution of 2′×2′×3h, capturing soil 

moisture, canopy moisture, and snow water content. 

The ATML and NTOL deformation is computed using 

the MERRA2 model and the MPIOM06 model 

(Dobslaw et al, 2007), respectively, with a temporal 

and spatial resolution of 2′×2′×3h. To align the 

temporal resolution of the GNSS observation data, the 

original SLM data with a temporal resolution of 3h 

were averaged to a daily resolution. Figure 3 depicts 

the HYDL, ATML, and NTOL deformation at the 

HECT station, as supplied by GFZ and IMLS, 

indicating significant seasonal variations. Notably, the 

HYDL deformation signifies land subsidence, 

presumably associated with groundwater exploitation 

(Zhang et al., 2025).  
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Where 
it  represents the time epoch of GNSS 

observation; the coefficients a  and b  represents the 

initial position and linear trends velocity that quantify 

the rate of long-term change at GNSS station, 

respectively; c  and 
1  represents the amplitudes and 

phase of annual, respectively; d  and 
2 represents the 

amplitudes and phase of semi-annual, respectively; 
iv
 

represents fitting residuals. 

 
2.3. CONSISTENCY ANALYSIS METHOD 

We performed the LSF method to eliminate the 

linear trend of the GNSS time series at 31 GNSS 

stations in North China before assessing the impact of 

surface mass loading (HYDL, ATML, and NTOL) on 
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the seasonal changes in vertical GNSS time series. 

This data preprocessing guarantees that subsequent 

analyses concentrate exclusively on seasonal 

deformation, excluding long-term tectonic 

deformation.  

To quantify the consistency between the seasonal 

deformation developed from GNSS and SLM data, we 

employ the following equation (Pan et al., 2016; Gu et 

al., 2017; Hu et al., 2025). 
 

( )
( )

( )
1

1

1

n

n
i

i

x i

x i
n

RMS GNSS
n

=

=

−

=
−


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                               (2) 

 

( ) ( )

( )
100%reduction

RMS GNSS RMS GNSS SLM
RMS

RMS GNSS

− −
=      

(3) 

Where ( )x i
 
represents the observation value of the 

GNSS station on the i day in North China,  

( )RMS GNSS
 

and ( )RMS GNSS SLM− represents 

the RMS value of the vertical GNSS time series as 

well as the RMS value after removing the HYDL, 

ATML, and NTOL deformations from vertical GNSS 

time series, respectively. If 
reductionRMS  is positive, it 

signifies that surface mass loading correction can 

reduce the RMS value of the vertical GNSS time 

series, the bigger the value, the more effective the 

correction. Conversely, if 
reductionRMS  is negative, it 

indicated that the surface mass loading correction will 

increase the RMS value of the vertical GNSS time 

series. 

 
3. RESULTS AND DISCUSSION 

3.1. COMPARISON OF SEASONAL DEFORMATION 

USING GNSS AND SLM 

In general, the RMS value of seasonal 

deformations yielded by HYDL, ATML, and NTOL 

is an effective measure for assessing the extent of 

surface mass loading effects on the Earth's crust, 

revealing that the scatter and amplitude of seasonal 

variations of surface mass loading. These effects are 

essential for understanding how environmental mass 

redistributions affect GNSS observations, especially 

in the North China region, which offers high-

resolution vertical GNSS time series. Figure 4 

illustrates the RMS values of seasonal deformations 

acquired from SLM data, which is supplied by the 

GFZ and IMLS, revealing that ATML exerts the 

significant impact on seasonal deformation in North 

China, with RMS values ranging from 3.84 mm to 

Fig. 4 RMS values of the seasonal deformation derived from SLM data. (a), (b), (c) represents the HYDL, 

ATML, NTOL deformation provided by GFZ; (d), (e), (f) represents the HYDL, ATML, NTOL 

deformation provided by GFZ. 
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Table 1 Annual phase (unit: °) and amplitude (unit: mm) of GNSS and SLM time series. 

 
Station GNSS 

GFZ_ 

HYDL 

IMLS_ 

HYDL 

GFZ_ 

ATML 

IMLS_ 

ATML 

GFZ_ 

NTOL 

GFZ_ 

NTOL 

BJFS 149.1/4.6 69.4/1.5 97.1/1.8 175.7/5.1 175.6/4.9 43.7/0.2 73.6/0.1 

BJGB 149.6/4.5 63.0/1.4 94.6/1.6 175.3/4.6 174.4/4.5 30.3/0.5 58.3/0.2 

BJSH 129.1/3.3 67.9/1.4 95.4/1.7 174.9/4.9 174.7/4.7 41.7/0.2 70.7/0.1 

BJYQ 129.8/4.4 67.0/1.4 94.9/1.7 174.2/4.8 173.8/4.5 43.1/0.2 77.9/0.1 

HAHB 149.6/5.2 66.3/2.3 95.4/1.8 178.2/5.7 178.2/5.4 85.6/0.1 131.6/0.10 

HAJY 135.8/5.0 71.9/2.4 98.2/1.9 176.5/5.2 176.4/4.9 124.9/0.10 157.0/0.20 

HECC 126.2/3.3 62.4/1.3 94.8/1.5 172.6/4.5 172.0/4.2 44.2/0.2 87.4/0.1 

HECD 126.4/3.6 61.6/1.4 93.4/1.5 174.3/4.7 174.0/4.4 35.6/0.3 51.9/0.2 

HECX 111.1/4.9 73.0/1.7 97.8/1.8 177.8/5.5 177.7/5.1 42.6/0.3 50.9/0.3 

HELQ 153.8/5.2 72.4/1.7 96.4/1.9 175.8/5.2 175.7/5.0 63.3/0.1 116.7/0.10 

HELY 146.4/4.8 70.1/1.8 96.6/1.9 177.1/5.5 177.0/5.2 64.9/0.2 111.7/0.01 

HETS 151.5/4.3 68.8/1.6 98.7/1.6 176.8/4.9 176.8/4.7 32.4/0.6 39.3/0.4 

HEYY 133.1/4.2 64.9/1.3 97.7/1.7 172.4/4.5 171.9/4.2 58.6/0.1 121.9/0.10 

HEZJ 146.4/3.8 61.1/1.2 97.0/1.5 172.2/4.5 171.6/4.1 51.2/0.1 110.1/0.10 

JIXN 143.3/4.1 67.3/1.5 98.3/1.7 176.1/5.0 176.0/4.8 36.0/0.4 48.1/0.2 

NMTK 119.0/5.8 61.8/1.8 104.8/1.60 171.7/4.5 171.0/4.1 95.0/0.1 154.9/0.1 

NMZL 115.4/3.1 51.1/1.1 98.9/1.2 170.9/4.2 169.9/3.8 45.2/0.1 105.2/0.1 

SDJX 161.0/5.0 62.7/2.2 92.6/1.8 179.3/5.7 179.4/5.4 68.5/0.2 94.7/0.2 

SDZB 115.8/3.9 69.8/2.0 91.6/1.8 178.8/5.2 178.9/5.0 43.8/0.5 53.3/0.4 

SXDT 100.6/4.9 64.3/1.3 99.3/1.6 171.9/4.4 171.3/4.1 67.2/0.1 135.5/0.10 

SXGX 158.9/5.8 76.0/2.0 99.4/2.0 174.7/4.9 174.3/4.5 118.3/0.10 156.4/0.10 

SXLF 153.7/4.7 76.2/2.0 101.7/1.90 174.6/4.9 174.3/4.5 126.3/0.10 159.6/0.20 

SXLQ 126.1/3.7 71.3/1.5 97.3/1.8 173.1/4.6 172.5/4.3 61.5/0.1 122.4/0.10 

SXTY 144.5/4.5 76.4/1.8 99.7/1.9 173.5/4.7 173.1/4.4 94.5/0.1 148.4/0.10 

SXXX 158.4/5.2 73.0/2.6 101.2/1.90 175.8/5.1 175.4/4.7 138.2/0.10 162.7/0.20 

SXYC 144.8/4.7 76.5/1.8 98.1/1.9 173.8/4.7 173.6/4.4 88.9/0.1 143.9/0.10 

TAIN 137.6/4.7 68.5/2.0 92.9/1.8 178.9/5.5 178.9/5.2 53.1/0.3 69.9/0.2 

TJBD 133.0/4.4 67.8/1.5 99.4/1.7 176.8/5.1 176.7/4.9 36.1/0.4 46.9/0.3 

TJBH 077.0/5.8 69.4/1.7 97.5/1.6 177.2/4.8 177.1/4.5 32.7/0.7 38.3/0.5 

TJWQ 186.3/1.6 69.8/1.6 99.2/1.7 176.9/5.2 176.9/5.0 37.2/0.4 48.8/0.3 

ZHNZ 167.1/5.4 64.8/2.6 94.8/1.8 177.9/5.6 177.7/5.2 125.5/0.10 155.6/0.20 

 
4.61 mm (GFZ), and 3.63 mm  to 4.45 mm (IMLS), 

averaging 4.18 mm and 4.00 mm, respectively, the 

RMS values of ATML deformation at coastal stations 

located in Jiaodong and Liaodong Peninsula are lower 

than those of inland stations owing to the ocean's 

reverse barometer effect. Conversely, NTOL exhibits 

the least effect on seasonal deformation in North 

China, with average RMS values under 1 mm (GFZ: 

0.65 mm; IMLS: 0.58 mm), but it exceeds 1 mm at 

specific GNSS stations adjacent to the Bohai Sea, 

presumably due to localized oceanic influences. The 

RMS values of HYDL vary from 1.36 mm to 2.71 mm 

(GFZ) and 1.25 mm to 2.05 mm (IMLS), with 

averages 1.84 mm and 1.74 mm, respectively.  

To further elucidate the seasonal signals, 

amplitudes and phases of annual in GNSS time series 

and surface mass loading deformation supplied by 

GFZ and IMLS were calculated using the LSF method, 

and the results are presented in Table 1. The GNSS 

time series in North China display annual amplitudes 

between 3.1 and 5.8 mm (average: 4.6 mm) and annual 

phases between 77° and 186° (average: 138°). For 

ATML, annual amplitudes based on GFZ range from 

4.2 mm to 5.7 mm (average: 5.0 mm) with annual 

phases spanning from 170.9° to 179.3° (average: 

175.4°), whereas annual amplitudes yielded by IMLS 

vary from 3.8 mm to 5.4 mm (average: 4.7 mm) and 

annual phases from 170° to 179.4° (average: 175°). 

The close alignment of annual amplitudes from 

ATML estimation between GFZ and IMLS, along 

with their resemblance to GNSS annual amplitudes, 

implying that ATML is a primary factor influencing 

GNSS seasonal variations in North China. The 

amplitude and phase of annual in ATML deformation 

acquired from GFZ and IMLS show negligible 

discrepancies in comparison of GNSS time series. For 

HYDL, annual amplitudes of HYDL deformation are 

consistent at 1.7 mm for both GFZ and IMLS. 

However, the annual phases varied markedly, 

measuring 67.9° and 97°, respectively, indicating 

discrepancies in the modeled HYDL deformation 

based on varying SLM data. The annual amplitudes of 

NTOL deformation are minimal (GFZ: 0.23 mm; 

IMLS: 0.17 mm).  

Figure 5 depicts vertical GNSS time series 

alongside the associated SLM deformation, which is 

a composite of HYDL, ATML, and NTOL 

deformation from IMLS at stations (HELQ, HETS, 

SXGX, SXXX). Both datasets exhibit obvious 

seasonal oscillations, with vertical GNSS time series 



CHARACTERIZING THE SEASONAL LOADING DEFORMATION IN NORTH CHINA USING GNSS … 

 

297 

  

Fig. 5 Comparison of seasonal deformation derived from GNSS, GFZ, and IMLS at some GNSS station  

(a) HELQ, (b) HETS, (c) SXGX, (d) SXXX. 

 
Table 2 RMS reduction value of the vertical GNSS time after deducting the deformation induced by HYDL, 

ATML, and NTOL provided by GFZ and IMLS (unit: %). 

 

Station 
GFZ_ 

HYDL 

IMLS_ 

HYDL 

GFZ_ 

ATML 

IMLS_ 

ATML 

GFZ_ 

NTOL 

IMLS_ 

NTOL 

BJFS -4.09 -0.99 7.23 7.30 0.73 0.98 

BJGB -3.16 1.20 9.38 9.33 -0.11 0.95 

BJSH -1.41 0.51 0.49 0.91 1.28 1.36 

BJYQ -1.08 1.62 4.97 5.39 1.18 1.30 

HAHB -4.18 -0.72 6.84 6.82 0.96 1.08 

HAJY -5.29 1.94 5.76 5.89 1.03 1.09 

HECC -0.84 1.58 2.41 3.09 1.17 1.27 

HECD 0.70 2.58 2.29 3.06 0.90 1.06 

HECX -3.38 -2.10 -0.22 -0.01 0.46 0.45 

HELQ 0.48 2.77 10.82 10.96 0.51 0.80 

HELY -3.58 -1.62 6.72 6.82 1.04 1.20 

HETS -2.60 1.55 10.04 10.18 -0.38 0.24 

HEYY -3.03 3.25 6.99 7.40 0.95 1.16 

HEZJ -5.47 0.50 6.95 7.25 0.88 1.11 

JIXN 0.02 0.24 5.56 5.85 0.74 1.05 

NMTK 2.04 5.58 4.84 5.20 0.86 0.95 

NMZL -2.85 1.15 0.55 1.40 1.19 1.24 

SDJX -4.18 -0.53 10.74 10.89 0.78 1.01 

SDZB -0.89 0.11 -1.14 -0.81 1.88 1.90 

SXDT -1.37 2.56 -0.50 0.01 0.71 0.70 

SXGX -6.63 1.40 14.51 14.33 0.68 0.96 

SXLF -8.82 -0.67 7.79 7.81 0.95 1.11 

SXLQ -3.37 0.97 2.77 3.22 1.08 1.14 

SXTY -6.43 1.32 7.69 7.84 0.95 1.14 

SXXX -8.06 0.48 10.89 10.86 0.96 1.17 

SXYC -3.47 2.07 9.59 9.80 0.86 1.10 

TAIN 1.36 3.55 6.19 6.62 1.08 1.25 

TJBD 0.58 1.11 4.46 4.88 1.12 1.35 

TJBH -2.04 -2.66 -2.65 -2.41 1.40 1.26 

TJWQ -1.87 -2.21 0.63 0.59 0.18 0.20 

ZHNZ -2.12 4.18 11.94 12.20 0.51 0.70 
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Fig. 6 RMS reduction results of the vertical GNSS time after deducting the deformation yielded by surface mass 

loading. (a), (b), and (c) represents the HYDL, ATML, NTOL correction based on GFZ, respectively; 

(d), (e), and (f) represents the HYDL, ATML, NTOL correction based on IMLS, respectively. 

 
varying between -20 mm and 20 mm and SLM 

deformation ranging from -10 mm to 10 mm. This 

discrepancy indicates that SLM captures significant 

seasonal signals, it does not entirely account for the 

observed GNSS variability. Unmodeled groundwater 

changes and other effects associated with the thermal 

expansion of bedrock may elucidate the seasonal 

deformation observed in GNSS (Jiang et al., 2018). 

These findings highlight ATML's predominant impact 

on GNSS seasonal deformations in North China. 

 
3.2. CONSISTENCY ANALYSIS OF THE SEASONAL 

DEFORMATION DERIVED FROM GNSS AND 

SLM 

To quantitatively evaluate the relationship 

between SLM deformation and GNSS time series, we 

assessed their consistency using equation 3 outlined in 

Section 2.4. This equation quantifies the reduction in 

RMS after removing the SLM deformation from 

vertical GNSS time series, offering a metric to assess 

the effect of HYDL, ATML, and NTOL on GNSS 

seasonal signals. Figure 6 presents the results, which 

are summarized in Table 2, providing 

a comprehensive comparison at 31 GNSS stations in 

North China. 

For ATML, the RMS reduction values from GFZ 

range from -2.7 % to 14.5 % (average: 5.9 %), whereas 

those from IMLS vary from -2.4 % to 14.3 % (average: 

5.6 %). Figure 6e demonstrates that ATML positively 

decreases RMS value at 28 stations (90 % of total 

stations), indicating a strong corrective influence on 

GNSS seasonal variations at most stations in North 

China. For HYDL, the RMS reduction value from 

GFZ and IMLS range from -0.7 % to 5.6 %, and 

- 8.8 % to 2 %, with average of 0.99 % and -2.74 %, 

respectively. Figure 6d shows the RMS reduction 

value after HYDL deformation correction derived 

from GFZ were negative at most stations (25), 

accounting for 81 % of total stations, whereas the 

RMS reduction value from IMLS, accounting for 

26 % of all stations, implying that HYDL can increase 

the RMS value of GNSS seasonal deformation at most 

stations in North China. Figure 6c illustrates that 

NTOL corrections from IMLS consistently yield 

positive RMS reduction (average: 1.0 %) at all 

stations. Overall, the deformation linked to ATML 

exhibits the highest agreement with GNSS time series 

when compared to HYDL and NTOL, indicating that 

the applicability of the surface mass loading 

corrections for the seasonal deformation of GNSS 

stations differs between regions. Additionally, the 

results indicated that significant discrepancies among 

the effect of HYDL from GFZ and IMLS in North 

China, owing to different modeling approaches, 
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Fig. 7 RMS reduction results of the vertical GNSS time after deducting the deformation induced by the 

combined of HYDL+ATML+NTOL (a), HYDL+ATML (b), ATML+NTOL (c) from IMLS, 

respectively. 

 
temporal and spatial resolutions as well as the HYDL 

models based on reanalysis data. The SLM data from 

IMLS is more suitable for studying the impact of 

HYDL on GNSS seasonal variations. 

To evaluate the overall effect of surface mass 

loading on GNSS seasonal deformation, we calculated 

the RMS reduction value for combined SLM 

components (HYDL+ATML+NTOL, 

HYDL+ATML, and ATML+NTOL, respectively) 

using SLM data from IMLS, the results as shown in 

Figure 7. The RMS reduction value for 

HYDL+ATML+NTOL, HYDL+ATML, and 

ATML+NTOL correction vary from -3.8 % to 15.8 %, 

-5.3 % to 15.9 %, and -0.9 % to 14.8 %, respectively, 

with the average of 6.5 %, 5.7 % and 6.8 %. The RMS 

reduction value for HYDL+ATML+NTOL, 

HYDL+ATML, and ATML+NTOL at most stations 

(28, 27, 30) were positive, accounting for 

approximately 90 %, 87 %, and 97 % at all stations in 

North China.  

 
3.3. THE IMPACT OF SURFACE MASS LOADING ON 

GNSS VELOCITY AND ITS UNCERTAINTY 

We investigated the influence of surface mass 

loading on velocity and its uncertainty estimated from 

the GNSS time series, employing the Hector software 

with the maximum likelihood estimation method (Bos 

et al., 2013). The white noise (WN) model, 

characterized by random, uniformly distributed 

noises, was employed to estimate the velocity 

uncertainty from GNSS time series. The velocity 

uncertainty value estimated from GNSS ranges from 

0.03 mm/a to 0.17 mm/a, with an average of 

0.03 mm/a, implying that the velocity uncertainty 

based on the WN model was markedly overestimated 

at 31 stations in North China. It has demonstrated that 

the background spectrum of non-linear GNSS station 

position residuals closely adheres to a power-law 

process, referred to as flicker noise, pink noise or 

1/f noise, with white noise predominating at the higher 

frequencies. Research has shown that the noise model 

integrating white noise and flicker noise (WN+FN) 

effectively characterizes the noise properties at most 

GNSS stations (He et al., 2019). Thus, we performed 

the WN+FN model to estimate the velocity and its 

uncertainty from the vertical GNSS time series before 

and after surface mass loading correction,  the range 

of velocity and its uncertainty difference (Table 3) was 

0.03~0.05 mm/a and 0~0.06 mm/a at all stations, 

respectively, with average of 0.04 mm/a for both, 
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Table 3 The difference in velocity and its uncertainty before and after SLM correction from IMLS at all stations 

in North China (unit: mm/a). 

 
Station velocity 

difference 

velocity 

uncertainty 

difference 

Station velocity 

difference 

velocity 

uncertainty 

difference 

BJFS 0.04  0.05  NMZL 0.05  0.04  

BJGB 0.04  0.03  SDJX 0.03  0.04  

BJSH 0.04  0.03  SDZB 0.03  0.04  

BJYQ 0.04  0.06  SXDT 0.04  0.01  

HAHB 0.04  0.04  SXGX 0.04  0.05  

HAJY 0.04  0.05  SXLF 0.04  0.04  

HECC 0.04  0.05  SXLQ 0.04  0.05  

HECD 0.04  0.03  SXTY 0.04  0.05  

HECX 0.04  0.00  SXXX 0.03  0.05  

HELQ 0.04  0.04  SXYC 0.04  0.04  

HELY 0.03  0.04  TAIN 0.03  0.05  

HETS 0.03  0.05  TJBD 0.04  0.04  

HEYY 0.04  0.05  TJBH 0.03  0.04  

HEZJ 0.05  0.05  TJWQ 0.04  0.00  

JIXN 0.03  0.03  ZHNZ 0.04  0.04  

NMTK 0.05  0.04     

 

implying that  the effects of surface mass loading can 

be considered negligible when estimating the velocity 

and its uncertainty from the vertical GNSS time series 

in North China. These minimal shifts suggest that 

surface mass loading effects are insignificant for long-

term velocity assessments in this region, possibly 

being overshadowed by tectonic deformation (uplift 

and subsidence) or other non-seasonal noise.  

 
4. CONCLUSIONS 

This study investigates seasonal deformation 

yielded by surface mass loading using GNSS and SLM 

data in North China. We calculated the RMS values, 

as well as the annual amplitudes and phases of 

deformations induced by surface mass loading. 

Furthermore, we performed a consistency analysis 

between GNSS time series and the deformations 

linked to HYDL, ATML, and NTOL. The primary 

conclusions are as follows. 

The average RMS value of ATML deformation 

supplied by GFZ and IMLS was 4.18 mm and 4 mm, 

respectively, markedly exceeding the HYDL 

deformation values of 1.84 mm (GFZ) and 1.74 mm 

(IMLS). The average annual amplitude of GNSS time 

series was 4.6 mm, and the average annual amplitude 

of ATML deformation from GFZ and IMLS was 

4.2   mm and 4.7 mm, respectively, aligning closely 

with GNSS. Moreover, a large discrepancy is evident 

in the HYDL phases between GFZ (67.9°) and IMLS 

(97°), indicating that ATML is the principal factor 

influencing seasonal fluctuations of GNSS time series 

in North China, but the effect of HYDL varies 

significantly depending on the SLM data. 

The average RMS reduction value of ATML 

deformation collected from GFZ and IMLS was 5.9 % 

and 5.6 %, respectively, with positive reductions at 

28 stations (90 % of total stations) from IMLS, 

indicating a robust corrective effect. Conversely, the 

average RMS reduction value of HYDL deformation 

was 0.99 % (GFZ) and -2.74 % (IMLS), with negative 

values observed at 81 % and 74 % at all stations, 

respectively, indicating that HYDL correction will 

increase the RMS value of the vertical GNSS time 

series in North China. In comparison to GFZ, SLM 

data from IMLS demonstrates superior consistency 

with GNSS time series, particularly for ATML, which 

outperforms HYDL and NTOL in aligning with 

seasonal variations. 

The average of velocity and its uncertainty using 

the WN+FN model was 0.04 mm/a, this negligible 

difference indicates that surface mass loading has 

a minimal influence on the estimation of velocity and 

its uncertainty in North China. 
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