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Abstract:  12 

Groundwater, an important source of water, has profound effects on global human survival 13 

and production. The spatiotemporal characteristics of groundwater and the periodic variation 14 

law of different time scales must be analyzed to grasp the dynamic situation of groundwater 15 

and provide scientific guidance for the rational utilization and management of groundwater 16 

resources. In this study, the temporal and spatial variability and periodicity of groundwater 17 

level were studied in the Xining region of the eastern Qinghai–Tibet Plateau China using 18 

traditional statistical method, geographic information system and Morlet wavelet analysis. 19 

Results show that the groundwater dynamics in the study area are mainly controlled by three 20 

factors, namely, the amount of river water infiltration, discharge from the groundwater, and 21 

artificial exploitation. The aforementioned factors can be divided into three dynamic types 22 

according to their combination relationship: hydrological, hydrological exploitation, and 23 

runoff-discharge types. The groundwater depth showed a trend of first increasing, then 24 

stabilizing, and finally decreasing from 1980 to 2020. The analysis in spatial variability 25 

demonstrated that the groundwater depth in different periods has a great spatial difference, 26 

with a moderate spatial variation intensity. Moreover, the spatial correlation of groundwater 27 

in the abundant season is lower than that in the dry season, which is mainly caused by the 28 

strengthening of artificial exploitation. The groundwater depth in the Xining region presents 29 

a pattern of deep in the south and east and shallow in the north and west by Kriging 30 

interpolation of spherical model in geographic information system. Meanwhile, the 31 

inter-annual groundwater has continued to decline since the chronic overexploitation 32 

between the 1960s and 2000s, with a maximum cumulative depth of 15 m. Then, the amount 33 

extraction had been further reduced, and rainfall had significantly increased in recent years. 34 
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Accordingly, the cone of depression has undergone an evolutionary process from an 35 

expansion period to a stable period to a shrinking period. Furthermore, the annual 36 

groundwater level of most monitoring wells in study area has the same multi-year scale time 37 

variation characteristics with an evident regular periodic variation on the 9-14a and 17-25a 38 

time scales by using Morlet wavelet transform analysis. The temporal sequence of 39 

groundwater from 1980 to 2020 has the first and second main periods of 12a and 21a. In 40 

accordance with the two time-scales, the groundwater level will continue to rise in the short 41 

term in the future, which provides a scientific theoretical basis for the long-term sustainable 42 

development of groundwater resources and government decision-making. 43 

Keywords Geographic information system, Morlet wavelet analysis, Cone of depression, 44 

Periodic evolution, Groundwater level, Eastern Qinghai–Tibet Plateau 45 

1. Introduction 46 

The Qinghai–Tibet Plateau, which is the source area for three rivers, namely, Yellow 47 

River, Yangtze River, and Lancang River, is known as the great water tower of Asia (Zhang 48 

et al. 2013; Huang et al. 2020). The abundant water resources of the Qinghai–Tibet Plateau 49 

not only play an important role in the sustainable economic development of the plateau 50 

region but also have a strategic significance in ensuring the water resource security of China 51 

and Southeast Asia (Zhang et al. 2017). The groundwater resources in the territory are very 52 

rich and widely distributed, with good water quality and stable water volume (Cheng and Jin 53 

2013; Xiang et al. 2016). With the implementation of the great development strategy of 54 

Qinghai Province in China, Xining, which is the capital city of Qinghai Province, has rapidly 55 

risen to be the main grain-producing area and industrial base. The city has concentrated 50% 56 

of the population and 35% of the economy in the province (Pan et al. 2021). Groundwater has 57 

become an important resource that cannot be ignored in promoting the sustainable 58 

development of Xining area with the continuous increase in city scale and population 59 

(Qinghai et al. 2018). Since the 1960s, the climate of the Qinghai–Tibet Plateau has 60 

undergone significant changes, including increased precipitation, decreased evaporation, 61 

rising annual average temperature, melting of glaciers, and serious degradation of permafrost 62 

(Xie et al. 2010; Bibi et al. 2018). This situation led to major changes in the spatial and 63 

temporal distribution patterns of groundwater. The groundwater dynamics are affected not 64 
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only by natural factors, such as rainfall and runoff, but also by human activities, such as 65 

exploitation and urban expansion (Mendieta-Mendoza et al. 2021). The influence of human 66 

factors on groundwater in the Xining area is becoming increasingly serious with the rapid 67 

development of social economy, thereby complicating the dynamic change of groundwater 68 

(Gao et al. 2019). In addition, the demand for groundwater resources in the Xining region has 69 

been increasing in recent decades with the development of the western region, and the 70 

exploitation of groundwater resources has been intensified, resulting in the continuous 71 

decline of the groundwater level in most areas, the deterioration of water quality, and the 72 

increasingly tense contradiction between supply and demand of groundwater resources 73 

(Mekonnen and Hoekstra 2016; Sun et al. 2019). This phenomenon seriously effects the 74 

social and economic development, agricultural production, and the local people’s lives. 75 

According to previous studies, the inter-annual groundwater level has continued to drop 76 

since the chronic overexploitation in the 1960s, with a maximum cumulative depth of 15 m 77 

(Tan et al. 2012; Xining City 2018).  78 

The reasonable utilization of groundwater resources is directly related to the sustainable 79 

development of the Qinghai–Tibet Plateau (Ge et al. 2008). The groundwater problems in the 80 

northeastern margin of the Plateau have become increasingly prominent with the increasing 81 

water demand and the intensifying water shortage in the middle and lower reaches of the 82 

Qinghai–Tibet Plateau (Bibi et al. 2019). Accordingly, the research on the status and 83 

variation characteristics of groundwater resources has become a major topic in the field of 84 

hydrogeology all over the world (Xu et al. 2018; Liu et al. 2019; Dai et al. 2019). However, 85 

the analysis of the characteristics of groundwater resources in the Qinghai–Tibet Plateau has 86 

been carried out relatively late due to the limitation of the topographic conditions of the Tibet 87 

Plateau, the concealment of groundwater, and the difficulty in obtaining data (Kang et al. 88 

2020; Sun et al. 2020; Gao et al. 2021). Consequently, the study on groundwater resources 89 

has been in a difficult exploration in the Qinghai–Tibet Plateau. 90 

Groundwater dynamics not only has annual and inter-annual variation changes but also 91 

has extremely complex randomness and periodicity and other nonlinear response 92 

characteristics because of the variety of internal and external factors (Lin et al. 2019; Li et 93 
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al. 2020). Groundwater depth is a key variable in groundwater environment, and multiple 94 

time scale is an important feature that must exist in the evolution of groundwater. Time 95 

series scale analysis can focus on exploring the distribution characteristics of groundwater 96 

in frequency oscillations, variation amplitudes and periodic evolution on different time 97 

scales (Lin et al. 2019). This mechanism better reveals the random rule of groundwater 98 

sequence and the variation characteristics at different time scales and predicts future 99 

evolution of short-term trend, thereby providing scientific reference for the sustainable 100 

development and utilization of groundwater resources. At present, few reports have been 101 

carried out on the dynamic characteristics and driving factors of groundwater in the Xining 102 

area. Most scholars focus on the study of the change characteristics of the single index of 103 

groundwater level or water quality in local places (Zhang et al. 2007; Tan et al. 2012). 104 

Meanwhile, the previous research data are mostly old, scattered, and discontinuous. 105 

Moreover, the dynamic evolution of groundwater at different time scales in this area has not 106 

been reported. In this work, Xining region was taken as the research area, and the 107 

spatiotemporal variation characteristics and periodic scale of groundwater level from 1980 108 

to 2018 were determined using traditional statistical method, geographic information 109 

system, and Morlet wavelet analysis. This study aimed to (1) analyze the inter-annual 110 

dynamic types and tendency of the groundwater level in the past 40 years, (2) explore the 111 

spatial variation range, distribution characteristics, and variation structure in different 112 

periods of abundant and dry seasons, (3) study the periodic evolution of groundwater at 113 

different time scales, and (4) predict its evolution trend in the short-term future. The results 114 

can provide scientific theoretical basis for the rational exploitation of groundwater 115 

resources and help government decision-making service in ensuring the safety of 116 

groundwater in the eastern Qinghai–Tibet Plateau. 117 

2. Materials and methods 118 

2.1. Study Area and Data Source 119 

Xining, the capital of Qinghai Province of China, is the largest city in Qinghai 120 

Province and also the largest city on the entire Qinghai–Tibet Plateau (Figure 1a) (Gao et al. 121 
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2019). The geographical coordinates are between the east longitude of 122 

100°58'48"–102°01'26" and north latitude of 36°24'40"–37°03'33", with the research area 123 

of approximately 700 km2. The study area is a typical plateau valley city located in the 124 

middle reaches of Huangshui River Basin in the eastern Qinghai–Tibet Plateau (Mao et al. 125 

2019). The terrain is high in the northwest and low in the southeast, with an elevation 126 

between 2200 m and 3000 m. The area can be divided into four areas: Beichuan, Xinachuan, 127 

Xichuan, and Nanchuan (Figure 1b). The study area has the typical semi-arid plateau 128 

continental climate characteristics (mainly cold and dry). The annual average temperature is 129 

5.9 °C, and the annual average evaporation capacity reached 1708.4 mm. The annual 130 

average precipitation is 393.6 mm. In particular, the annual distribution of precipitation is 131 

uneven with approximately 60% of the precipitation concentrated in July, August, and 132 

September (Fan and Fang 2020).  133 

Abundant shallow groundwater is the main water source in Xining area. The aquifer is 134 

used for domestic water for urban residents and industrial water for factories and mining 135 

enterprises. A relatively complete groundwater dynamic monitoring network has been 136 

established in the study area, including 84 national automatic monitoring wells and 52 137 

provincial artificial monitoring wells, which are mainly distributed around the water 138 

sources of Beichuan, Xinachuan, Xichuan and Nanchuan in the middle and upper reaches 139 

of the Huangshui River. A series of groundwater dynamic monitoring data since 1980 has 140 

been accumulated, which have laid a certain foundation for groundwater prediction and 141 

operation of the national groundwater monitoring project. This study takes Quaternary 142 

shallow groundwater in the Xining area as the research object to analyze the dynamic 143 

evolution process of groundwater. Groundwater monitoring data are mainly provided by 144 

Groundwater Monitoring Project of China and Geological Environment Monitoring Station 145 

of Qinghai province. A total of 126 wells that have complete monitoring data (84 national 146 

wells and 42 provincial wells) from 1980 to 2020 are chosen as the research object through 147 

arrangement and analysis of the official observation data, eliminating short monitoring time 148 

or continuous lack of measuring well point. The location distribution of the dynamic 149 

monitoring network is shown in Figure 1c. Groundwater depth is used to represent 150 
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groundwater dynamic characteristics in next work for a more intuitive expression and 151 

comparative analysis. 152 

¯

km0 250 500

Qinghai

(a)

 153 

 154 

Fig. 1 Map of the study area: (a) location map of Qinghai Province in China; (b) location map of 155 
the study area in Xining; and (c) distribution of the monitoring wells of groundwater in the Xining  156 

2.2. Research Methodology  157 

2.2.1. Geographic Information System Method 158 
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Groundwater level has the characteristics of randomized regional variable with dual 159 

properties of randomness and spatial correlation (Lin et al. 2019). Traditional statistical 160 

methods can only evaluate the overall variation of the variables in the region but cannot 161 

evaluate the spatial distribution of the variables. Geostatistics method can effectively 162 

characterize the spatial distribution of its variables by using variogram as the main tool 163 

(Júnez-Ferreira et al. 2019; Ohmer et al. 2019). Kriging interpolation is an interpolation 164 

method based on spatial variogram theory and structural analysis (Aryafar et al. 2020). The 165 

core principle of this method is to use the semi-variance variogram model to represent the 166 

variation of variables in space with distance and estimate the value of each point by fitting 167 

to a specific point or all points within a given search radius (Nikroo et al. 2010). The 168 

Kriging formula is as follows: 169 
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where Z′(x0) is the estimated value of groundwater depth (m) at position x0 of the 173 

monitoring well, Z(xi) is the measured groundwater depth (m) at the position xi of 174 

monitoring well, λi is the unknown weight assigned to Z(xi). n is the number of monitored 175 

wells, δ is the error variance of the estimated value (Charizopoulos et al. 2018). 176 

Semi-variance variogram is a formal expression of the spatial structure of regional 177 

variables, which can describe the spatial dependence and overall differentiation of 178 

groundwater depth in the study area as a whole and can be used to reflect the global spatial 179 

variability (Liu et al. 2016). The original variation function is calculated as follows: 180 
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where γ(h) is a semi-variance function; h is the space interval distance of the monitoring 182 
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well (m); n is the number of monitoring wells with an interval of h; Z(xi+h) and Z(xi) are the 183 

measured depths (m) of the regionalized variable Z(x) at the spatial position xi+h and xi, 184 

respectively; C0 is the nugget value; a is the variable range; b is the expression coefficient 185 

of different variation functions; and C0+C is the base station value. 186 

Variation function includes three important parameters: nugget value C0, range a, and 187 

base station value C0+C (Burgess and Webster 2019). When the distance h is zero, the 188 

variation function value is the nugget value C0. The variation function increases with the 189 

increase in the distance h until it reaches a stable constant, which is called the base station 190 

value C0+C. The larger the base value, the greater the spatial variation of the variable. The 191 

distance h at this time is range a, which represents the spatially dependent distance of the 192 

regionalized variable and mainly reflects the size of the influence range of the variable 193 

(Bachmaier and Backes 2011). The nugget coefficient is the ratio of nugget value C0 to base 194 

value C0+C, which is also known as the nugget effect. If the coefficient is less than 0.25, 195 

then it shows a strong spatial correlation. If the coefficient is between 0.25 and 0.75, then it 196 

has a moderate spatial correlation. If the coefficient is greater than 0.75, then the spatial 197 

correlation of this region is weak (Swain and Patra 2019; Zhang and Wang 2020). 198 

Anisotropy is the ratio of short-axis to long-axis range, indicating the magnitude of 199 

anisotropy of spatial variation. The more the heterogeneity approaches one, the more the 200 

regional variables tend to be isotropic. 201 

2.2.2. Wavelet Analysis 202 

Wavelet analysis has developed into a major research tool for signal analysis and time 203 

scale analysis and has been widely used in image processing (He et al. 2019), signal 204 

diagnosis (Cheng et al. 2021), and hydrometeorological sequence recognition (Zhang et al. 205 

2019) in recent years. Wavelet analysis is derived from Fourier transform, which can 206 

simultaneously reflect the time and frequency domain characteristics of nonstationary time 207 

series and analyze its internal fine structure to extract the hidden regularity (Ling et al. 208 

2021). The monitoring data of groundwater level depth are continuous and nonstationary 209 

time series. Therefore, the complex Morlet continuous wavelet transform is selected as the 210 
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wavelet function in this study, and the discrete complex wavelet coefficient function is as 211 

follows: 212 
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21
,                      (5) 213 

  0ψ t dt



                             (6) 214 

where f(t) represents the original sequence, ψ(t) represents the basic wavelet function; a is 215 

the scale factor representing the period length of the sequence, b is the time factor 216 

indicating the shift in time domain, and t is the time interval.  217 

The contours of the real part of the Morlet wavelet coefficients can reflect the energy 218 

intensity information at different phases and time scales. The variation process of the 219 

wavelet coefficients with time represents the evolution law of alternating high and low 220 

values of the time series at this scale (Rahman et al. 2020). The positive and negative 221 

changes in contour of the real part of the coefficient represent the evolution process and 222 

abrupt characteristics of the given data in the near future: the positive value corresponds to 223 

the rise period of the sequence, the negative value corresponds to the reduction phase, and 224 

the zero value corresponds to the transition period. The magnitude of the modulus square of 225 

the wavelet coefficient reflects the oscillation strength of the signal at different time scales 226 

and the energy distribution at the specific time scale (Tsai and Hsiao 2020). The integral of 227 

this value with scale factor a is called the wavelet variance function。Variance diagram can 228 

further determine the main period in time series (Partal 2017). The larger the variance, the 229 

more prominent the periodicity on this scale. The maximum value indicates the strongest 230 

periodic oscillation here, and the corresponding scale a is the first main period. Its 231 

expression is as follows: 232 

db(a,b)WVar(a) f

2





                          (7) 233 

3. Results and discussion 234 

3.1. Dynamic Characteristics of Annual Groundwater Level 235 

According to the data of multiple monitoring wells, the groundwater dynamics in 236 
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study region are mainly restricted by three factors of river water infiltration, groundwater 237 

drainage and artificial exploitation. According to the combination relationship of these 238 

factors, the groundwater characteristics can be divided into three types: hydrological, 239 

hydrological exploitation, and runoff drainage types. 240 

(1) Hydrological type 241 

The hydrological type of groundwater dynamic is characterized by an obvious wave 242 

peak in the curve of groundwater level change. This type is mainly distributed in the 243 

upstream or near the middle reaches of all rivers in the study area, such as the downtown of 244 

Xining, and the upper reaches of Huangshui River in Beichuan and Xichuan areas. The 245 

groundwater in this area is mainly affected by the river linear vertical infiltration and has 246 

the same trend as the river flow. In Figure 2, the dynamic curve of groundwater level has an 247 

obvious wave peak, which is basically consistent with the rainy season. The groundwater 248 

level from July to September rises with the river flow increase. The groundwater level 249 

greatly varies within a year (1-4.5 m).  250 
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       Fig. 2 Hydrological type curve          Fig. 3 Hydrological exploitation type curve 252 

(2) Hydrological exploitation type 253 

This type of groundwater dynamics is mainly distributed where groundwater is 254 

intensively exploited, such as the groundwater source areas from the upper reaches of 255 

Beichuan, Xichuan. The groundwater in these zones is not only affected by river seepage 256 

recharge but also controlled by artificial exploitation. When the mining amount increases or 257 

decreases, the level shows an obvious trend of decrease or increase of approximately 258 

1.03-6.51 m. Figure 3 demonstrates that the annual dynamic curve of groundwater shows a 259 

“concave” shape. The groundwater cannot be replenished in time during the dry season 260 
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because the amount of exploitation, which further consumes the storage capacity and 261 

prolongs the low water level period. The river flow increases, and the groundwater level 262 

begins to recover with the arrival of the rainy season. The annual maximum water level is 263 

delayed by 1 to 3 months compared with those in September to December. 264 

(3) Runoff discharge type 265 

Runoff discharge type is mainly distributed in river valley margins and groundwater 266 

discharge zones, such as the downstream area of Nanchuan and east of Xining downtown. 267 

These zones are far from the exploitation area, and the uplift of the site leads to the release 268 

of groundwater. The dynamic change of groundwater level is relatively stable due to the 269 

regulation effect of groundwater runoff and discharge, without obvious rise and fall. The 270 

annual variation is less than 1 m, which is also called a stable type. Figure 4 clearly shows 271 

that the annual dynamic change curve is flat, with no obvious peaks and valleys. The time 272 

of the highest water level is uncertain, mostly from May to September, and the lowest water 273 

level of the year mostly occurs at the beginning or end of the year. 274 
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Fig. 4 Runoff discharge type curve 276 

3.2. Dynamic Characteristics of Inter-annual Groundwater Level 277 

According to the monitoring data from the key monitoring wells of groundwater 278 
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source in the study area from 1980 to 2020, the interannual variation characteristics of 279 

groundwater dynamic in four areas of Xining are summarized as follows: (1) According to 280 

the change curve of the buried depth of typical monitoring wells in Figure 5(a) for over 40 281 

years, the groundwater depth in Beichuan area presents a trend of first stabilizing, then 282 

increasing, and finally decreasing. (2) In Figure 5(b), the groundwater depth in the 283 

Xinachuan first increased, then stabilized and finally decreased. (3) Figure 5(c) clearly 284 

presents that the groundwater depth in Xichuan area first increased, then stabilized, and 285 

finally decreased. (4) In Figure 5(d), the overall trend of groundwater depth in Nanchuan 286 

area first increased, then stabilized, and finally decreased. 287 

1985 1990 1995 2000 2005 2010 2015 2020

16

14

12

10

8

6

4

2

0

Rising stage

Dropping stage

G
ro

u
n

d
w

at
er

 d
ep

th
/m

Time/year

 BCS15   BCS26   BCS60   BCS10

Stable stage

(a)

 
1985 1990 1995 2000 2005 2010 2015 2020

22

20

18

16

14

12

10

8

6

4

Rising stageDropping stage

G
ro

u
n

d
w

at
er

 d
ep

th
/m

Time/year

 XNC05        XNC23         XNC31

Stable stage

(b)

 

1985 1990 1995 2000 2005 2010 2015 2020
21

18

15

12

9

6

3

0

Rising stageStable stage

G
ro

u
n
d
w

at
er

 d
ep

th
/m

Time/year

 XCS32       XCS17       XCS28

Dropping stage

(c)

 

1980 1985 1990 1995 2000 2005 2010 2015 2020

36

32

28

24

20

16

12

8

Rising stageStable stageG
ro

u
n

d
w

at
er

 d
ep

th
/m

Time/year

 NCS13    NCS25    NCS36    NCS31 

Dropping stage

(d)

 

Fig. 5 Groundwater depth curve in Xining: (a) in Beichuan from 1982 to 2020; (b) in Xinachuan 

from 1985 to 2020; (c) in Xichuan from 1985 to 2020; (d) in Nanchuan from 1975 to 2020 

In summary, the groundwater level in the four areas showed a common trend of first 288 

decline, then stable, and finally rise with the change of the exploitation amount. The 289 

groundwater level further increased with the increase in rainfall in the later period. The 290 

annual average level in the Xining area is obtained by using traditional statistical methods 291 
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according to the groundwater level data of 126 monitoring wells from 1980 to 2020. In 292 

Figure 6, the interannual evolution characteristics of groundwater level can be divided into 293 

four stages: 1. Continuous decline phase from 1980 to 2001: The groundwater system in 294 

Xining was in a natural state before 1965. Thereafter, the groundwater sources were built, 295 

and groundwater was developed and utilized, which resulted in the continuous decline of 296 

the groundwater level. The average depth of groundwater was 10.76 m in 1980. The 297 

amount of groundwater reached 0.81 million m3/a until 1980. The exploitation amount was 298 

0.81 million m3/a; then, it gradually increased to 0.92 million m3/a in 1986. A number of 299 

groundwater sources were used in production since 1987. The exploitation amount 300 

increased to 5.105 million m3/a, and the depth gradually increased to 13.1 m. The amount 301 

of exploitation increased to 8.15 million m3/a until 2001, and the groundwater depth 302 

dropped to 16.24 m with the continuous increase of urban development and the demand for 303 

groundwater resources. The average groundwater level decreased by 5.48 m, and the rate of 304 

decrease was 0.27 m/a during this period. 2. Continuous rising stage from 2002 to 2010: 305 

The amount of extraction has been reduced to 6.79 million m3/a since 2002, and the 306 

groundwater has been on a rebound trend. The groundwater level had increased by 2.35 m 307 

with a rate of 0.26 m/a. 3. Basic stable stage from 2011 to 2016: the amount of mining 308 

increased to 10.18 million m3/a to meet the needs of people's livelihood after 2011. The 309 

groundwater level dropped, and the depth of the ground water fluctuated around 310 

approximately 14 m for several years. 4. Slight recovery stage from 2017 to 2020: The 311 

groundwater utilization was maintained at approximately 9.18 million m3/a. However, the 312 

groundwater level has a slight upward trend due to the significant increase in precipitation 313 

from 306.2 mm of 2016 to 536.5 mm of 2020. The water supply structure in Xining has 314 

been greatly changed with the commissioning of Heiquan Reservoir in the upper reaches of 315 

Beichuan, which effectively alleviates the situation of overexploitation of groundwater. The 316 

exploitation of six important groundwater water sources has been gradually reduced, and 317 

some of them have been shut down. The properly protected and maintained closed 318 

groundwater source area can still be used as the city emergency water source because of the 319 

rising trend of groundwater in the Xining in recent years. 320 
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Fig. 6 Comparison curves of average groundwater depth, exploitation, and precipitation in the 322 

Xining region from 1980 to 2020 323 

3.3. Spatial Variability of Groundwater Depth 324 

3.3.1. Statistical Analysis of Sample Data 325 

In the study area, September is the abundant season in which the groundwater is 326 

shallowly buried throughout the year. March is the dry season when the groundwater is 327 

deeply buried. First, the sample data are statistically analyzed. Table 1 illustrates that the 328 

average, maximum and minimum values of groundwater depth all showed a trend of first 329 

increasing and then decreasing in the past 40 years. The average depth increased from 11.99 330 

m in 1985 to 13.6 m in 2001 and then decreased to 11.67 m in 2020. The minimum depth 331 

increased from 0.72 m in 1985 to 1.31 m in 2001 and then decreased to 0.19 m in 2020. The 332 

minimum depth varies from 0.19 m to 1.97 m with a small fluctuation. The maximum depth 333 

increased from 36.05 m in 1985 to 45.62 m in 2001 and then decreased to 44.69 m in 2020. 334 
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The maximum depth varies from 36.05 m to 45.75 m, which greatly fluctuates. 335 

The variation coefficient (Cv) can reflect the degree of spatial variation of 336 

groundwater level, which can be divided into strong variability (Cv>1), medium variability 337 

(0.1<Cv< 1), and weak variability (Cv<0.1) according to the grade (Burgess and Webster 338 

2019). The variation coefficient of the groundwater in the study area is between 0.1 and 1 339 

(Table 1), which belongs to the medium degree of variation. Therefore, the groundwater 340 

depth in different periods has moderate spatial variation intensity. The standard deviation of 341 

groundwater depth varies from 7.24 to 10.11 over the years, which indicates that the spatial 342 

variation range is large in the dry and abundant seasons, and the difference between the 343 

maximum and minimum depth is significant. Therefore, the spatial difference of 344 

groundwater depth is great. After logarithmic transformation, the skewness coefficient of 345 

the sample data is close to zero, and the kurtosis coefficient is close to two, indicating that 346 

the sample data basically conform to lognormal distribution in space. The groundwater 347 

depth difference between the dry and the abundant seasons shows a decreasing trend over 348 

the years, which is mainly due to the increasing trend of precipitation in recent years and 349 

the maintenance of exploitation amount within a stable range, which makes the difference 350 

between the compensation and drainage become smaller and smaller. The depth in 351 

September was greater than that in March in certain areas because the buried depth 352 

difference between the dry and the abundant seasons becomes smaller. 353 

Table 1 Statistical analysis in the sample data of groundwater depth 354 

Year Month 
Samples 

number  

Average 

value 

Minimum 

value 

Maximum 

value 

Standard 

deviation 
Variance 

Skewness 

coefficient  

Kurtosis 

coefficient 

Variation 

coefficient  

1985 
3 126 12.83 0.91 36.41 9.57 88.206 0.315 2.273 0.746 

9 126 11.99 0.72 36.05 9.34 87.142 0.266 2.181 0.779 

1997 
3 126 15.13 1.16 44.36 9.41 90.807 0.181 2.019 0.622 

9 126 13.90 1.27 43.22 9.47 89.748 0.245 2.174 0.682 

2001 
3 126 16.24 1.38 45.35 10.11 91.98 0.272 2.284 0.623 

9 126 13.60 1.31 45.62 8.84 78.094 0.257 2.030 0.650 

2010 
3 126 14.12 1.23 44.79 7.95 63.214 0.248 2.142 0.563 

9 126 13.02 1.97 45.75 7.24 52.416 0.337 2.046 0.556 

2020 
3 126 12.80 0.31 44.71 8.85 78.311 0.218 2.072 0.691 

9 126 11.67 0.19 44.69 8.71 75.834 0.214 2.101 0.746 

3.3.2. Geostatistical Analysis of Sample Data 355 
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Gaussian, spherical, linear and exponential models are common variogram models 356 

(Liu et al. 2016). In this study, the Gaussian, spherical, linear, and exponential models of 357 

the spatial variation of groundwater depth were established by using Kriging interpolation 358 

method in ArcGIS. The best model was selected through the comparison of fitting 359 

parameters and cross-validation results to carry out spatial interpolation and variability 360 

analysis of groundwater depth. The monitoring data of groundwater depth in the dry and 361 

abundant seasons of 1985, 1997, 2001, 2010, and 2020 are taken as examples. The models 362 

were used to fit the groundwater depth in the study area. First, the depth data is converted 363 

to the normal distribution by logarithmic transformation to avoid the phenomenon of 364 

enlarging the estimation error and concealing the inherent structure due to the skewness 365 

distribution of the sample data, which leads to the larger nugget and base station values in 366 

the variation function. The parameter values of the semi-variance function of groundwater 367 

depth are calculated using Equation (4) by GS+ software. Table 2 clearly illustrates that the 368 

spherical model has the highest fitting accuracy and the minimum average error of 0.037. 369 

The mean predicted standard deviation is closest to the root mean square, with a difference 370 

of 0.07. The mean standard deviation is 0.0019, the closest to zero. The prediction error of 371 

mean square error was 0.984, the closest to one. This finding indicates that the fitting 372 

results of each index of the spherical model performed good, followed by the fitting 373 

accuracy of the Gaussian and exponential models and the linear model. Meanwhile, the 374 

cross-validation results in Figure 7 and the variation trend of semi-variance with a step size 375 

in Figure 8 show that the spherical model has a higher simulation accuracy and is suitable 376 

for the analysis of spatial variability of groundwater depth in the Xining region. 377 

Table 2 Fitting results of different variation models with semi-variance functions 378 

Model 
Mean 

error 

Mean predicted 

standard deviation 

Mean standard 

deviation 

Root mean 

square 

Mean square 

error prediction 

Gaussian model 0.041 4.31 0.0056 4.62 0.957 

Spherical model 0.037 4.74 0.0019 4.81 0.984 

Linear model 0.052 4.68 0.0083 4.46 0.862 

Exponential model 0.046 4.26 0.0046 4.53 0.912 
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Fig. 7 Cross-validation results of the spherical model 380 

0 10 20 30 40 50 60 70

0.02

0.03

0.04

0.05

0.06

0.07

0.08
 Measured value            Fitting value

S
em

iv
ar

ia
n
ce

 f
u
n
ct

io
n
/m

2

Step length/km

(a)

 
0 10 20 30 40 50 60 70

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

(b)

 Measured value            Fitting value

S
em

iv
ar

ia
n
ce

 f
u
n
ct

io
n
/m

2

Step length/km  

0 10 20 30 40 50 60 70

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

(c)

 Measured value            Fitting value

S
em

iv
ar

ia
n
ce

 f
u
n
ct

io
n
/m

2

Step length/km  
0 10 20 30 40 50 60 70

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055

0.060

(d)

 Measured value             Fitting value

S
em

iv
ar

ia
n
ce

 f
u
n
ct

io
n
/m

2

Step length/km  

0 10 20 30 40 50 60 70
0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

(e)

 Measured value           Fitting value

S
em

iv
ar

ia
n
ce

 f
u
n
ct

io
n
/m

2

Step length/km  
0 10 20 30 40 50 60 70

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

(f)

 Measured value             Fitting value 

S
em

iv
ar

ia
n

ce
 f

u
n

ct
io

n
/m

2

Step length/km  

Fig. 8 Fitting trend of the semi-variance function with a step length: a. September 1985; b. September 

1997; c. September 2001; d. September 2010; e. March 2020; f. September 2020 
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The semi-variance structural parameters of the variation function of groundwater 381 

depth in the rich and dry seasons from 1985 to 2020 were obtained by using the spherical 382 

model simulation. Table 3 illustrates that the nugget values (C0) of groundwater depth from 383 

1985 to 2020 are positive values with the range of 0.609-0.754. This finding indicates that 384 

some nugget effects are caused by random factors, such as monitoring error, inherent 385 

variation, and short-range variation. The nugget coefficient ranged from 0.25 to 0.75 over 386 

the years, which indicated that the groundwater depth in the Xining area has a medium 387 

spatial correlation. The nugget coefficient of groundwater depth from 1985 to 2020 in study 388 

area showed a trend of first increasing and then decreasing, which first increased from 389 

0.520 in September 1985 to 0.671 in September 2001 and then decreased to 0.289 in 390 

September 2020. The results show that the spatial correlation degree of groundwater depth 391 

decreases first and then increases. The nugget coefficient gradually increased from 1985 to 392 

2001, and the nugget effect decreased year by year, thereby indicating the proportion of the 393 

spatial variation of groundwater caused by non-natural factors (urban construction, 394 

groundwater exploitation, etc.) gradually increased. The nugget coefficient gradually 395 

decreased from 2001 to 2020, and the nugget effect weakens year by year, thereby 396 

indicating that the proportion of structural factors influencing the spatial variation of 397 

groundwater increases year by year. The nugget coefficient greatly decreased from 2001 to 398 

2010, the nugget effect significantly increased, and the proportion of hydrogeological 399 

conditions’ influence on the spatial variation of groundwater increased. The main reason is 400 

that the local government has paid attention to the continuous decline of the groundwater 401 

level. Xining issued a government order to optimize the exploitation of groundwater and 402 

limit the exploitation in some areas after 2002. This initiative reduces the interference of 403 

non-structural factors. The results further show that the nugget coefficient in the abundant 404 

season is greater than that in the dry season, and the nugget effect in the abundant season is 405 

weaker than that in the dry season, thereby indicating that the correlation of groundwater in 406 

the abundant season is weaker than that in the dry season. During the dry season, the depth 407 

of groundwater is larger and the exploitation intensity is smaller. The spatial distribution of 408 

groundwater is mainly affected by structural factors such as topography and landform. 409 
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Although the increase in rainfall and surface runoff increased the recharge of groundwater 410 

resources, the intensity of human exploitation activities also reached the maximum with the 411 

arrival of the abundant season, and the amount of groundwater exploitation significantly 412 

increased. The imbalance of mining and replenishment and the difference of buried depth 413 

between the abundant and the dry seasons significantly increased; accordingly, the spatial 414 

correlation of groundwater decreased compared with that during the dry season. The depth 415 

in September is greater than that in March in some areas where exploitation of groundwater 416 

sources is concentrated. 417 

Table 3 Semi-variance structural parameters of the spherical model in groundwater depth 418 

Year month C0 C0+C C0/(C0+C) Long-axis 

range 

Short-axis 

range 

Anisotropy Long-axis 

angle 

1985 
3 0.613 1.271 0.482 70376 47738 1.474 30.5 

9 0.609 1.172 0.520 69725 46495 1.502 30.4 

1997 
3 0.698 1.256 0.556 66142 38482 1.719 31.1 

9 0.702 1.214 0.578 65726 37951 1.732 30.9 

2001 
3 0.754 1.211 0.623 71653 39817 1.801 30.4 

9 0.732 1.093 0.671 70654 38472 1.837 29.8 

2010 
3 0.681 1.754 0.388 68260 42761 1.596 31.2 

9 0.714 2.021 0.353 69541 42154 1.650 30.7 

2020 
3 0.652 2.208 0.295 65143 45216 1.441 29.4 

9 0.637 2.213 0.289 66150 44528 1.486 30.1 

The long-axis range and short-axis range reflect the influencing range and spatial 419 

correlation degree in their respective searching directions. The spatial autocorrelation 420 

distance of groundwater depth in the Xining area is large over the years, with a long-axis 421 

range of 65.1-71.6 km and a short-axis range of 37.9-47.7 km. This result indicates that the 422 

groundwater depth in the study area has a good spatial continuity. During the dry and 423 

abundant seasons from 1985 to 2020, the long-axis range showed a decreasing trend. This 424 

result indicates that the spatial autocorrelation of groundwater depth in the study area was 425 

weakened, the influence range of spatial correlation was reduced, the continuity was worse, 426 

and the interference of human activities on groundwater depth increased. The spatial 427 

anisotropy ratio is 1.474-1.837 (much larger than one), indicating that the spatial 428 

distribution of groundwater depth has strong anisotropy and large spatial difference. The 429 

value increased from 1.474 in March 1985 to 1.801 in March 2001 and then decreased to 430 
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1.441 in March 2020. The results show that the anisotropy of groundwater spatial 431 

distribution tends to be stable with the decrease in human activities in groundwater 432 

exploitation. The included angle of the long-axis is approximately 30°, which is basically 433 

consistent with the trend of Huangshui River. This finding indicates that the groundwater 434 

depth has a strong correlation with the trend of Huangshui River in the parallel direction. 435 

In general, the spatial correlation of groundwater depth in the Xining region from 1985 436 

to 2020 was first weakened and then enhanced. Meanwhile, the spatial anisotropy ratio was 437 

first increased and then decreased. During 1985-2001, the correlation of groundwater depth 438 

rapidly decreased, the degree of anisotropy increased, and the groundwater connectivity 439 

became worse. The main reason is that the groundwater resources in Xining were greatly 440 

exploited with the rapid development of social economy from 1980s, and the exploitation 441 

amount increased from 0.73 million m3/a in 1965 to 8.15 million m3/a in 2001. 442 

Urbanization changes the river hydrological process and the underlying surface 443 

environment and destroys the benign recharge and discharge relationship between 444 

groundwater and surface water. The continuous decline of the groundwater level in the 445 

groundwater source area leads to the regional descent funnel, which changes the local 446 

groundwater flow direction, reduces the spatial autocorrelation distance and weakens the 447 

overall connectivity of groundwater. The uneven development of each region in the process 448 

of urbanization makes the spatial distribution of human activities greatly different, which 449 

leads to the enhancement of the spatial anisotropy of groundwater depth. The growth rate of 450 

groundwater exploitation has been controlled with the introduction of a series of 451 

groundwater development and protection policies by the local government. Moreover, the 452 

exploitation amount has been maintained within a stable range, reaching 9.18 million m3/a 453 

by 2020. The groundwater depth tends to be stable from 2010 to 2020, and the level even 454 

rises in some areas, which enhances the groundwater connectivity and makes the 455 

groundwater depth transition from strong spatial anisotropy to spatial isotropy. 456 

To fully study the spatial evolution of groundwater depth in the Xining region, this 457 

work selects 1985, 1997, 2001, 2010 and 2020 as the typical years and the groundwater 458 

depth data after logarithmic transformation and trend to eliminate on the basis of the 459 
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spherical model of kriging interpolation method by using ARCGIS that mapped the 460 

groundwater depth space distribution in different periods. Figure 9 shows the groundwater 461 

depth in the Xining region presents a pattern of deep in the south and shallow in the north 462 

and deep in the east and shallow in the west, with an island distribution pattern in local 463 

areas. The areas with greater groundwater depth are mainly concentrated in the vicinity of 464 

groundwater source areas. With the excessive exploitation of groundwater, the natural 465 

runoff field of groundwater is destroyed due to the unbalanced exploitation, thus forming 466 

the regional fall funnel. In Figure 9(a)-(e), the cone of depression from 1985 to 2020 in the 467 

study area experienced an evolutionary process of expanding, stabilizing, and shrinking. 1. 468 

Expanding period from 1985 to 2001: Perennial falling funnel was formed near each water 469 

source with the continuous production and exploitation of all groundwater water sources. 470 

The funnel area in Xining increased from 23.79 km2 in 1985 to 85.49 km2 in 2001 (Figure 471 

10). 2. Stable period from 2001 to 2010: the falling funnel area increased from 85.49 km2 in 472 

2001 to 91.92 km2 in 2010. In this stage, the dynamic groundwater level in the funnel 473 

center of each groundwater source increased and decreased with the increase in the supply 474 

amount and exploitation. However, the groundwater level is maintained in a stable stage in 475 

general, and the size of each funnel basically remained unchanged, while the range of the 476 

funnel slightly change. The shape is long, and the area of a single landing funnel is between 477 

9.16 km2 and 32.94 km2. 3. Decreasing period from 2011 to 2020: The area of falling 478 

funnel gradually decreases from 91.92 km2 in 2010 to 79.94 km2 in 2020. The groundwater 479 

level gradually rises due to the regulative reduction of groundwater extraction and the 480 

annual increase of precipitation, and the range of falling funnel is reduced to a certain 481 

extent. 482 
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 485 
Fig. 9 Spatial evolution of the groundwater depth in the Xining region: a. September 1985; b. 486 

September 1997; c. September 2001; d. September 2010; e. September 2020; f. March 2020 487 

Figure 9(e) is compared with Figure 9(f). The groundwater depth in the study area has 488 

a slight decreasing trend in the abundant season. The main reasons are the increase in 489 



Environmental Earth Sciences (2021) x:x                                                Page 23 of 32 

Springer 

precipitation and surface runoff recharge from July to September, the recharge of 490 

groundwater is more than that of extraction, and the groundwater level of abundant season 491 

(in September) is higher than that during the dry season (in March). Figure 11 shows little 492 

difference in the area of falling funnel in the Xining region during the dry and abundant 493 

seasons. The main reason is that the working mode of groundwater source is rotation 494 

extraction of multiple pumping wells with a certain daily exploitation amount, and the 495 

mining amount will slightly increase from August to October. However, due to the increase 496 

of recharge sources such as surface runoff and precipitation, the groundwater level is 497 

mainly restored in recent years. The funnel shape in dry and abundant season was elongated, 498 

and the funnel range in abundant season was slightly smaller than that in dry season. 499 
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Fig. 10 Curve of the falling funnel area in 

the Xining region from 1985 to 2020 

Fig. 11 Comparison of the falling funnel 

area during dry and abundant seasons 

3.4. Periodic Evolution Characteristics of Groundwater Level 501 

3.4.1. Statistical Analysis of Sample Data 502 

Morlet wavelet transform is used to study the periodic variation process and predict 503 

the future short-term development tendency of groundwater depth of 20 typical monitoring 504 

wells in the Xining area from 1980 to 2020 in this study. First, several time series data are 505 

symmetrically extended at both ends to eliminate the boundary effect of the starting and 506 

ending points. Second, the wavelet coefficients in the Morlet wavelet transform are 507 

calculated using MATLAB program code, eliminating the extended data at both ends. 508 

Finally, the contour lines of the real part of the wavelet coefficient, the modulus square with 509 
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time-frequency parameter variation, and the wavelet variance map of the groundwater 510 

depth are drawn by Surfer. Table 4 illustrates the primary cycle of groundwater depth in the 511 

wells. The groundwater depth in most wells in the study region exhibits the same time scale 512 

of variation characteristics, mainly for 12a, 21a, and 6a main cycles. Furthermore, the 513 

groundwater level has significant cycle characteristics and regional consistency under the 514 

influence of human activities and climate change. 515 

Table 4 Main variation cycle of groundwater depth in the Xining area from 1980 to 2020 516 

Area Monitoring well Main cycle/a Area Monitoring well Main cycle/a 

Beichuan 

BCS01 12、21、6 

Xinachuan 

XNC05 19、7 

BCS15 12、20、6 XNC10 12、21、6 

BCS20 11、5 XNC23 12、20、7 

BCS26 12、21、5 XNC27 11、6 

BCSN1 20、6 XNC34 12、21、6 

Xichuan 

XNS08 11、20 

Nanchuan 

NCS02 12、20、6 

XNS12 12 NCS06 11、21 

XNS17 12、21、5 NCS13 12、20、5 

XNS28 12、20 NCS25 12、21、6 

XNS32 11、21、6 NCS31 12、21 

According to the wavelet real part contour map in Figure 12, the groundwater depth in 517 

the Xining region has different quasi-periodic oscillations at various time scales. During the 518 

evolution of the groundwater depth in the past 40 years, three-time scales of 5-7a, 9-14a, 519 

and 17-25a are evident. The periodicity fluctuation of groundwater depth in 5-7a and 520 

smaller time scales is severe with the local periodic variation. The positive/negative value 521 

alternating law was relatively clear before 2010. Thereafter, the regularity disappeared and 522 

the signal performance became more chaotic and unstable. However, the time scales of 523 

9-14a and 17-25a were uniformly distributed in the temporal domain and had significant 524 

global characteristics. Three complete alternation of high and low values were observed on 525 

the 9-14a time scale. The negative value period of each period indicated that the 526 

groundwater depth decreased from 1980 to 1986, from 1993 to 1999, and from 2005 to 527 

2011. In those decreasing phases, the three oscillation centers were distributed in 1983, 528 

1996, and 2008. By contrast, the three increasing periods of groundwater depth are 529 

1986-1993, 1999-2005, and 2011-2017 with the oscillation centers of 1990, 2002, and 2014, 530 

respectively. Figure 12 shows that the dashed line of negative value did not completely 531 
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close after 2017, indicating that the groundwater depth is in the decreasing period from 532 

2017 to 2020. Thus, the rise of groundwater level would occur in the next few years. In the 533 

17-25a time scale, two regional positive/negative value alternating changes were observed. 534 

The two decrease periods of groundwater depth were from 1980 to 1985 and from 1996 to 535 

2007, and the oscillating centers of gravity were 1980 and 2002, respectively. The two 536 

negative value periods meant that the groundwater depth increased from 1985 to 1997 and 537 

from 2007 to 2017 with the vibration centers of 1992 and 2012, respectively. Figure 12 also 538 

demonstrates that the periodic evolution of 17-25a and 9-14a is consistent after 2017, 539 

indicating that the groundwater depth decreased from 2017 to 2020. Furthermore, the 540 

negative isolines are still not completely closed until 2020, which fully demonstrates that 541 

the groundwater level in the study area will continue to rise in the short-term future, 542 

regardless of the time scale. In the evolution of groundwater depth, no specific change 543 

period has been recorded; however, the change period changes with the different time 544 

scales, which shows that the large time scale and the small scale are nested and contained 545 

each other. The decrease or increase of groundwater depth in the 9-14a time scale is mainly 546 

reflected in the rise or decline of the groundwater level in the 17-25a time scale. Therefore, 547 

the evolution of the groundwater depth in Xining has the characteristics of local change and 548 

multi-level time scale structure in the time domain. 549 

 550 

Fig. 12 Time-frequency distribution of real part of the wavelet coefficient in the groundwater 551 

depth  552 
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The energy spectrum of the wavelet can be expressed by the square value of the 553 

modulus of the wavelet system, and the oscillating ability of different time scales can be 554 

analyzed by the distribution of the modulus square of the wavelet system. Figure 13 shows 555 

that the energy distributed in the 9-14a time scale is the strongest, and the strong energy 556 

performs well in the whole domain. The shock energy of the 17-25a time scale is the 557 

second, and it has remained strong since 1991. However, the energy of 5-7a and other 558 

smaller time scales is very weak (close to zero); thus, the periodic effect of those small 559 

scales can be ignored. The wavelet variance graph is obtained and drawn according to 560 

Equation (7). The periodic scale corresponding to each variance peak represents the main 561 

period of the time scale. Figure 14 demonstrates two distinct peaks in the time series, of 562 

which 12a corresponds to the largest peak, indicating that the signal of groundwater depth 563 

oscillates most strongly on the 9-14a time scale. The 21a corresponds to the second peak, 564 

followed by signal oscillations on the 17-25a time scale. The 6a corresponds to the third 565 

peak, with the weakest signal oscillation, and its periodic effect is negligible. Therefore, 566 

two main cycles control the cycle evolution of groundwater in Xining from 1980 to 2020.  567 
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Fig. 13 Contour map of the wavelet coefficient 
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Fig. 14 Wavelet variance of groundwater 

depth 

Given that the oscillation intensity of the first peak is much higher than that of the 568 

second and other peaks, the first and second primary periods include 12a and 21a, 569 

respectively. According to the evolution law of the main cycle, the development tendency 570 

of groundwater level in the short-term future can be predicted. Figure 15 demonstrates that 571 

the groundwater depth experienced three periodic changes during 1980 and 2020 under the 572 
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condition of the first main period of 12a. According to the red dotted line of 12a, the 573 

groundwater level in the Xining region will show a rising trend from 2021 to 2023 and will 574 

decline from 2024 to 2030. In the case of the second main period of 21a, the groundwater 575 

depth experienced two periodic changes from 1980 to 2020. According to the red dotted 576 

line of 21a, the groundwater level in the Xining region will show an increasing trend from 577 

2021 to 2026 and a decrease from 2027 to 2030. Given that the first main cycle is the 578 

dominant trend, the probability of groundwater level rising is relatively large in the next 579 

few years. 580 
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Fig. 15 Periodic evolution of wavelet coefficients at different time scales of groundwater depth 582 

4 Conclusions 583 

This paper analyzed the annual and inter-annual dynamic characteristics of 584 

groundwater depth from 1980 to 2020 in Xining area via traditional statistical method. 585 

These results are shown as follows: (1) The annual characteristics of groundwater level can 586 

be divided into three types: hydrological type, hydrological exploitation type and runoff 587 

drainage type, restricted by three factors of river water infiltration, groundwater drainage 588 

and artificial exploitation. (2) The groundwater level in the study areas showed a common 589 

trend of first declining, then stabling, and finally increasing from 1980 to 2020 with the 590 
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change of the exploitation amount. (3) The average, maximum and minimum values of 591 

groundwater depth showed a trend of first increasing and then decreasing in the past 40 592 

years.  593 

Geographic information system was further used to identify the spatial variation 594 

range, spatial distribution characteristics, and spatial structure of groundwater depth in 595 

different periods of abundant and dry seasons. The groundwater depth in different periods 596 

has moderate spatial variation intensity with the variation coefficient of 0-1. The Gaussian, 597 

spherical, linear, and exponential models of the spatial variation were established using 598 

Kriging interpolation method in ArcGIS. This study conducted the comparison of fitting 599 

parameters and cross-validation results. The spherical model of highest fitting accuracy was 600 

selected to carry out spatial interpolation and variability analysis of groundwater depth. The 601 

simulation showed that the groundwater depth presents a pattern of deep in the south and 602 

shallow in the north and deep in the east and shallow in the west, with an local island 603 

distribution pattern. In summary, the cone of depression caused by overexploitation from 604 

1985 to 2020 experienced an evolutionary process of expanding, stabilizing and shrinking. 605 

The area first expanded from 23.79 km2 in 1985 to 91.92 km2 in 2010 and minimized to 606 

79.94 km2 in 2020 due to the significant increase in precipitation and the reduction in 607 

exploitation. 608 

Morlet wavelet transform was proposed to quantify the periodic evolution of 609 

groundwater depth. The periodicity of groundwater from 1980 to 2020 had two evident 610 

regular variation on of 9-14a and 17-25a time scales. Accordingly, the first main periodicity 611 

is 12a and the second main periodicity is 21a. Thus, the predicted results show the 612 

consistent tendency under whatever time scale, and the probability of groundwater level 613 

rising is relatively large in the next few years. 614 

In future development plans, regulating the extraction of groundwater resources is 615 

essential to balance the water system. The rising trend of groundwater should also be paid 616 

attention to avoid a series of problems that it may cause, such as building subsidence and 617 

soil salinization. Groundwater resources should be reasonably and efficiently used to 618 

realize sustainable development of water resources, ecological environment and economy 619 
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in the Xining area. The above study results can guide scientific groundwater exploitation 620 

planning and management of the eastern Tibet plateau and provide novel ideas for similar 621 

research in other similar plateau areas. 622 
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Figures

Figure 1

Map of the study area: (a) location map of Qinghai Province in China; (b) location map of the study area
in Xining; and (c) distribution of the monitoring wells of groundwater in the Xining Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion



whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.

Figure 2

2 Hydrological type curve



Figure 3

Hydrological exploitation type curve



Figure 4

Runoff discharge type curve



Figure 5

Groundwater depth curve in Xining: (a) in Beichuan from 1982 to 2020; (b) in Xinachuan from 1985 to
2020; (c) in Xichuan from 1985 to 2020; (d) in Nanchuan from 1975 to 2020



Figure 6

Comparison curves of average groundwater depth, exploitation, and precipitation in the Xining region
from 1980 to 2020



Figure 7

Cross-validation results of the spherical model



Figure 8

Fitting trend of the semi-variance function with a step length: a. September 1985; b. September 1997; c.
September 2001; d. September 2010; e. March 2020; f. September 2020



Figure 9

Spatial evolution of the groundwater depth in the Xining region: a. September 1985; b. September 1997; c.
September 2001; d. September 2010; e. September 2020; f. March 2020 Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its



authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 10

Curve of the falling funnel area in the Xining region from 1985 to 2020



Figure 11

Comparison of the falling funnel area during dry and abundant seasons



Figure 12

Time-frequency distribution of real part of the wavelet coe�cient in the groundwater depth



Figure 13

Contour map of the wavelet coe�cient modulus square of groundwater depth



Figure 14

Wavelet variance of groundwater depth



Figure 15

Periodic evolution of wavelet coe�cients at different time scales of groundwater depth


