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Highlights 

1. Under the scenario of increasing groundwater level volatility, the multiyear rate of 

change at various points in the region ranges from -0.054 m/a to 0.098 m/a, and the 

groundwater level in the entire area is rising at a rate of 0.015 m/a. 

2. The ecological water level is defined between 1.78 m (salinization control limit) and 

2.78 m (desertification control limit). 

3. Since March, 72.2% of the regional groundwater level has exceeded the ecological 

water level by an average of 0.38 m, and by July, 83.5% of the region has exceeded the 
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ecological water level by an average of 0.98 m, and the highest point is only 0.5 m from 

the ground. 

  



Abstract 

The large amount of agricultural land development in the irrigation area of the 

lower Amudarya has led to a greater amount of water resources being introduced into 

the irrigation area. The high groundwater level in the irrigation area and the 

unreasonable management of water resources have led to the deterioration of the 

regional ecological environment. In the context of global climate change, we used a 

variety of trend analysis methods and correlation analysis methods and found that 

human activities are the main factors affecting regional annual groundwater level 

changes and annual groundwater level fluctuations, accounting for 67.6% and 78.9%, 

respectively. These factors have led to a high temporal and spatial heterogeneity of the 

regional groundwater from 1990 to 2020: the multiyear rate of change at various points 

in the region ranges from -0.054 m/a to 0.098 m/a, and the groundwater level in the 

entire area is rising at a rate of 0.015 m/a. Under the scenario of increasing groundwater 

level volatility, the continuously rising water level requires us to consider whether this 

state will cause harm to the future area, so we used the capillary method to define the 

regional ecological water level as 1.78-2.78 m. When exploring its relationship with 

regional groundwater, it was found that starting in March, 72.2% of the regional 

groundwater level exceeded the ecological water level by an average of 0.38 m, and by 

July, 83.5% of the region exceeded the ecological water level by an average of 0.98 m; 

furthermore, the highest point was only 0.5 m from the ground. Under the future 

changing trend of regional groundwater in the future, such results will cause a further 

deterioration of regional ecology, and sustainable groundwater exploitation methods 



with the goal of maintaining the ecological water level should urgently be proposed. 
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1. Introduction 

Inland river basins are composed of mountain-oasis-desert-lake systems. 

Hydrology and ecology are sensitive to climate change and are severely affected by 

human activities. Therefore, water resources in inland river basins have strong temporal 

and spatial distribution characteristics. The Amudarya River is a typical inland river in 

the arid zone of Central Asia, with a total flow of 78.46 km2/year (Davis, 2012), and it 

spans most of Uzbekistan. Since 1960, with the construction of water conservancy 

facilities and irrigation system projects in the upper reaches of the Amudarya River, the 

middle and lower reaches of the Amudarya River have attracted a large number of 

immigrants who have reclaimed land for agricultural production, such as cotton and 

rice. By the 1990s, the Amudarya River was frequently experiencing dry-ups, and the 

interruption of the surface water supply caused the Aral Sea to shrink to approximately 

6000 square kilometres, only one-tenth of the original lake surface (Izhitskiy et al., 2016; 

Micklin, 1988); thus, the Aral Sea crisis began. The water resources in the basin are 

becoming increasingly scarce, and ecological damage and environmental disasters are 

converging (Micklin, 2007). Since 2010, the area of the Aral Sea has been changing 

slowly. The reason is that it has reached a water balance that is mainly a result of 

evapotranspiration and groundwater recharge (Cretaux et al., 2005; Ruji et al., 2011). 

Groundwater from the irrigation area in the lower Amudarya River Delta, including 

Nukus, has become one of the most important sources of replenishment for the Aral 

Sea. Its changes are closely related to the changes in the area of the Aral Sea. Therefore, 

it provides insight into the spatiotemporal evolution of groundwater in the irrigation 



area. Analysing the main problems is also an important part of solving the Aral Sea 

problem. 

Groundwater is an important part of the oasis water cycle (Famiglietti, 2014; Mi 

et al., 2016). A large amount of groundwater in arid irrigated areas is used to maintain 

the stability of agricultural activities, and groundwater has an important strategic 

position in the oasis economy and natural ecosystem security (Doell, 2009; Giordano, 

2009; Siebert et al., 2010). For the Amudarya River irrigated area, with the substantial 

growth of the population, the water demand of crops has continuously increased, 

making the supply and management of regional irrigation water the main factor limiting 

crop production in the area (Cai et al., 2003; Ibragimov et al., 2007). According to 

statistics, approximately 90% of Uzbekistan’s available water resources are used for 

irrigation every year. However, due to backwards irrigation methods and poor drainage 

systems, water management problems are further aggravated, and approximately 70% 

of water resources are wasted (Nezlin et al., 2004), which has led to a serious decline 

in groundwater quality (Giordano et al., 2010). Approximately 35-38% of newly 

surveyed groundwater reservoirs are polluted to varying degrees. Shallow groundwater 

quality exceeding the standard, coupled with the wear and tear of the groundwater 

extraction system and the poor maintenance of wells, has caused the irrigation area to 

cease exploiting groundwater resources for irrigation, which has led to the continuous 

rise of groundwater levels in the irrigation area in recent years. Due to the high 

groundwater level, a large amount of groundwater is consumed through the process of 

ineffective evaporation under strong evaporation in arid areas (Kopec et al., 2013; Song 



et al., 2017), and this process causes the bottom soil salinity to rise and accumulate in 

the surface soil, thus increasing the degree of regional salinization. The secondary land 

degradation in some regions is serious (Jiang et al., 2020). Effective groundwater 

resource management and maintaining the sustainable development of regional 

groundwater are necessary. Accurately quantifying groundwater issues is a prerequisite 

for effective regional water resource management. However, current research on the 

groundwater level in the irrigation area of the Amudarya River basin is extremely rare. 

Only one study has described the macroscopic changes in the region (Pan et al., 2020), 

and there is a lack of groundwater research on the characteristics of the irrigation area. 

In summary, this article used the irrigation area of the lower Amudarya River as the 

research object and summarized the research questions into the following two aspects: 

1. What were the characteristics of the temporal and spatial distributions of groundwater 

in the irrigation area in recent years and the reason for their formation? 2. What are the 

problems posing threats to regional groundwater? How can these problems be 

quantified? The key point of the research is also in this part. 

To date, most studies on the sustainability of groundwater have focused on the 

ecological water level (Shuixian et al., 2011). Common methods used to determine the 

ecological water level can be divided into three categories: ecological survey statistical 

analysis, model calculation analysis, and remote sensing statistical analysis (Jiaqi et al., 

2021). However, in arid areas, due to the scarce precipitation, the soil water in the 

unsaturated zone in the soil is weakly affected by precipitation infiltration. The impact 

of precipitation is generally limited to the ground surface or intercepted by vegetation, 



and soil water mainly comes from phreatic evaporation (Wang et al., 2020). Under the 

action of capillary force during diving, the soil water moves upwards and is either 

absorbed and utilized by the roots of vegetation or directly overflows. The concept of 

diving influence can explain ecological problems such as desertification, secondary 

salinization in arid areas, and differences in vegetation coverage due to different water 

replenishment with a more reasonable mechanism. The maximum height of capillary 

rise is also a critical point for quantitative research on different ecological problems in 

arid areas. Hydrological conditions can provide the basis. Therefore, this paper used the 

capillary method to calculate the area affected by diving and established the ecological 

water level standard. 

In terms of trend analysis methods, most researchers use geostatistics as a water 

resource management and decision-making tool to reveal the temporal and spatial 

structures of groundwater level fluctuations (Buchanan and Triantafilis, 2009). These 

methods include the Mann-Kendall test method, and the wavelet analysis method is 

widely used in the trend and periodic analysis of various factors, which can effectively 

identify and analyse the target factors with more prominent changes. Inverse distance 

weighting (IDW) and stochastic methods are commonly used for groundwater level 

maps. IDW and stochastic methods (Varouchakis and Hristopulos, 2013) show similar 

performance. The IDW model is a fast, intuitive, non-intensive geostatistical 

deterministic method that is widely used in groundwater level mapping. In summary, 

using the M-K trend test, wavelet period analysis method, and IDW method, this article 

describes the spatial and temporal distribution characteristics of groundwater in the 



lower Amudarya River irrigation area and quantifies the degree of influence of climate 

change and human activities on regional groundwater. Additionally, the maximum 

height of capillary rise (capillary method) is used to establish ecological water level 

standards to diagnose and quantify the temporal and spatial distributions of regional 

groundwater resources, aiming to provide a target basis and theoretical basis for the 

sustainable management and regulation of regional groundwater. 



2. Materials and methods 

2.1 Study area 

 

Figure 1 Geographical location, land use type, elevation, groundwater 

observation point and distribution map of the river system in the study area 

The study area is located in a typical agricultural irrigation area (39.56°N, 

59.16°E-42.13°N, 74.77°E) in the lower reaches of the Amudarya River basin in 

Uzbekistan in Central Asia, adjacent to the South Aral Sea in the north and 



Turkmenistan in the south. The centre of the irrigation area is approximately 125 km 

from the lake basin of the South Aral Sea, and the shortest distance is approximately 75 

km. The total altitude of the region is high in the south and low in the north, with the 

highest altitude of 221 m in the south and the lowest altitude of -70 m in the north. The 

total area of the irrigated area north of Yonukus is relatively flat, with an elevation 

difference of only 5-10 m. The Amudarya River runs through the whole irrigated area 

from south to north and serves as an important water supply source for the whole 

irrigated area. As a result, only a small amount of river water has flowed into the Aral 

Sea since the 1980s, and most of the water resources are used for agricultural irrigation 

in Nukus. Different kinds of wheat and cotton are the main agricultural crops in the 

region, while rice, corn, alfalfa and other crops are rarely planted. The backwards 

irrigation methods in the region are still mainly dominated by low-efficiency water-

consuming flood irrigation. The annual precipitation in this region is less than 200 mm, 

mainly occurs in summer, and has shown a decreasing trend in recent years. The 

evapotranspiration of cultivated land in the growing season is between 700 mm and 

1100 mm (Liu et al., 2020). The seasonal and intraday temperature differences are 

significant, with the lowest temperature between −1.4 °C and 4 °C and the highest 

temperature reaching 30 °C. The regional soil composition is mainly clay particles, and 

the aquifer of shallow groundwater in the irrigated area is approximately 0.4-5 m deep. 

There is a hydrological station (Shmambay) located at the edge of the study area, 

and it is the last observation station in the lower reaches of the Amudarya River. There 

are also two meteorological stations in the study area, Nukus and Chimbay. However, 



there are more groundwater observation wells in the research area, and we picked out 

the ten different geographical locations of groundwater observation wells as feature 

points (in order to ensure the results available for other institutions for subsequent 

research can use the station number), which are used in the following research results 

on the description of the spatial distribution of groundwater. 

2.2 Data availability 

The data used in the study mainly included hydrological data, meteorological data, 

socioeconomic data, land use data and soil data. Hydrological data also included 

observation well groundwater data, average groundwater level data of an administrative 

region, and flow data from the Shmambay hydrological station. Meteorological data 

included temperature, precipitation and potential evapotranspiration. Socioeconomic 

data included population, agricultural output and agricultural growth rate. We plotted 

all data name sources and time scales, as shown in Table 1: 

Table 1 Source and introduction of the data required for research 

Type Name Data introduction 

Hydrology 

Groundwater data from 

observation wells 

Station, Monthly, 1990-2020 Groundwater data from regional 

average 

Run off 

Meteorological 

Precipitation 

Cru, Monthly, 0.5°×0.5°, 1990-2020 

http://data.ceda.ac.uk/badc/cru/data/cru_ts/ 
Temperature 

Potential evapotranspiration 

Socioeconomic Population 



Agricultural production Statistics, Yearly ，2000-2020 

https://stat.uz/en/official-

statistics/metadata 

Agricultural growth rate 

Land use  

300 m, Yearly, 2000-2020 

European Space Agency 

Soil  HWSD 

Groundwater data were used to study the spatial and temporal differences in 

groundwater at the annual and monthly scales. The groundwater observation point data 

were used to reflect the spatial variation in the regional groundwater and to make a 

regional groundwater distribution map. The study of regional integrity is based on the 

average value of regional groundwater because the variables are complementary and 

can be used to show the spatial and temporal changes in regional groundwater from 

different perspectives. 

The data for the Amudarya River and meteorological socioeconomic data were 

used in the attribution analysis of the spatiotemporal changes in groundwater. Due to 

the lack of meteorological station data in the study area, the CRU TS4.04 data released 

by the Climatic Research Unit (CRU) of The University of East Anglia were used 

instead. The availability data in our study area has been demonstrated by previous 

research results (Chanjuan et al., 2021). 

Land use data were derived from the GlobCover dataset of the European Space 

Agency (ESA), which has been widely used in various studies. This study used this 

dataset to extract the change in cultivated land area in the study area, aiming to 

determine the reasons for the spatiotemporal changes in groundwater. 



The soil data were based on the soil type in the World Soil Database (HWSD) of 

the Food and Agriculture Organization of the United Nations (FAO). The soil dataset 

has also been used in a number of studies and the type of soil in our study area is mainly 

clay. This study used this dataset to study the composition of regional soil particles to 

generate ecological water level limits by the capillary method.  

2.3 Research methods 

2.3.1 Ecological water level determination method 

The ecological water level is widely used in the study of groundwater 

sustainability. During the development and utilization of groundwater resources and 

agricultural irrigation, the depth of the water level should be maintained within a certain 

range. The upper limit of this range is the water level that causes the strong evaporation 

during diving, causing salt accumulation in the surface soil and salinization. The lower 

limit is the water level that leads to the lack of ecological water in the area and causes 

the degradation of vegetation. This reasonable range of groundwater level changes is 

defined as the groundwater ecological water level. 



 

Figure 2 Structural principle of the vadose zone for groundwater recharge 

vegetation and the significance of the ecological water level 

The principle of the capillary method is based on the abovementioned groundwater 

replenishment for vegetation. The lowest condition for vegetation to absorb water 

should be the contact between the phreatic impact layer and the root layer when the 

vegetation root system is tangent to the phreatic influence layer (Honglang et al., 2008). 

The groundwater depth corresponding to the intersection of the root action layer and 

the phreatic influence layer is the critical burial depth (the control water level for 

desertification), and the critical burial depth H is equal to the sum of the thickness of 

the vegetation root layer 𝐻1 and the thickness of the phreatic influence layer 𝐻2: 𝐻 = 𝐻1 + 𝐻2                                                    (1) 

The two most important physical quantities for determining the critical depth are 

the thickness of the phreatic impact layer 𝐻2 and the thickness of the vegetation root 

layer 𝐻1 . The condition for groundwater to recharge vegetation is that the depth of 



groundwater ℎ must meet: ℎ < 𝐻. 

The maximum thickness 𝐻2  of the phreatic impact layer is also the maximum 

height at which shallow groundwater rises due to capillary forces, so it can be used as 

the upper boundary of the ecological water level (the control water level for 

salinization). The calculation method of the maximum rising height of capillary water 

is based on the formula proposed by Laplace. The calculation of the maximum rising 

height of soil capillary water can also be considered as the maximum thickness 𝐻2 of 

the diving-affected layer. The basic formula is as follows (Mingan, 2006):                    𝐻2 = 2𝛾𝜌𝑔𝑅                                                    (2) 

where 𝐻2 is the rising height of the capillary tube (m). 𝛾 is the coefficient of soil water 

surface tension (N/m), which is related to temperature and can be found in a soil physics 

table; R is the effective capillary pore diameter of the soil (m) based on the type of soil 

used to take empirical parameters; 𝜌  is the density of water (kg/m³); and g is the 

acceleration due to gravity (m/s²). 

Previous studies have evaluated this method (Wang et al., 2020). For our research, 

we applied this method to calculate the upper bound (𝐻2) and lower bound (𝐻) of the 

ecological water level. 

2.3.2 Mann-Kendall 

Mann-Kendall (M-K) tests are usually used to detect a series of long-term trends 

in climate data or hydrological data (Alashan, 2020). The main advantage of the M-K 

test is that the test does not require samples to follow a certain distribution and is not 

disturbed by a few outliers. The original assumption (𝐻0) of the M-K test is that there 



is no trend or sequence correlation with the alternative hypothesis (𝐻1) in the sample 

being analyzed, and the alternative hypothesis assumes that the monotonic trend 

increases or decreases. In this study, the M-K test was applied to the trend analysis of 

the groundwater level. The test statistic 𝑆 is calculated as follows:  S = ∑ ∑ 𝑆𝑔𝑛(𝑋𝑗 − 𝑋𝑘)𝑛𝑗=𝑘+1𝑛−1𝑘=1                                        (3) 

Furthermore,                  𝑆𝑔𝑛(𝑋𝑗 − 𝑋𝑘) = {+1   (𝑋𝑗 − 𝑋𝑘) > 0 0    (𝑋𝑗 − 𝑋𝑘) = 0−1    (𝑋𝑗 − 𝑋𝑘) < 0                               (4) 

where 𝑆 is a normal distribution with a mean of 0, 𝑉𝑎(𝑆) = 𝑛(𝑛 − 1)(2𝑛 + 5)/18. 

When n>10, the standard normally distributed system variable can be calculated by the 

following formula: 

 Z = { 
 𝑆−1√𝑉𝑎(𝑆)     𝑆 > 00              𝑆 = 0𝑆+1√𝑉𝑎(𝑆)     𝑆 < 0                                                      (5) 

Therefore, in the trend of the bilateral inspection, at a given confidence level, if, 

the|𝑍| ≥ 𝑍1−𝑎/2 null hypothesis is unacceptable, namely, at the 𝑎 confidence level, the 

time series data exhibit an obvious up or down trend. For the statistic 𝑍, greater than 0 

is an upwards trend; less than 0 is a downwards trend. When the absolute value of 𝑍 is 

greater than or equal to 1.28, 1.64 and 2.32, it indicates that it has passed the 

significance test at the levels of 90%, 95% and 99%, respectively. 

When the M-K test is further used to test sequence mutations, the test statistics 

were different from the above 𝑍 and an order column was constructed: 

    S𝑘 = ∑ ∑ 𝑎𝑖𝑗               (𝑘 = 2,3,4,···, 𝑛)𝑖−1𝑗𝑘𝑖=1                                        (6) 



Furthermore:                     𝑎𝑖𝑗 = {1    𝑋𝑖 > 𝑋𝑗0    𝑋𝑖 < 𝑋𝑗         1 ≤ 𝑗 ≤ 𝑖                                       (7) 

Define statistical variables: 

𝑈𝐹𝑘 = [𝑆𝑘−𝐸(𝑆𝑘)]√𝑉𝑎𝑟(𝑆𝑘)         (𝑘 = 1,2,···, 𝑛)                               (8) 

In the formula:                   𝐸(𝑆𝑘) = 𝑘(𝑘+1)4 ；𝑉𝑎𝑟(𝑆𝑘) = 𝑘(𝑘 − 1)(2𝑘 + 5)/72        (9) 

where 𝑈𝐹𝑘 is the standard normal distribution; and at the given significance level 𝑎, if |𝑈𝐹𝑘| ≥ 𝑈𝑎/2, then there is an obvious trend change in the sequence. Time series 

X could be arranged in the reverse order and calculated using the formula above to 

obtain the following:  

{ 𝑈𝐵𝑘 = −𝑈𝐹𝑘𝑘 = 𝑛 + 1 − 𝑘              (𝑘 = 1,2,···, 𝑛)                         (10) 

By analysing the statistical sequences 𝑈𝐹𝑘 and 𝑈𝐵𝑘, we can further analyze the 

trend change of sequence X and specify the time of mutation and the region of mutation. 

If the value of 𝑈𝐹𝑘 is greater than 0, the sequence shows an upwards trend. A value less 

than 0 indicates a downwards trend; however, when the value exceeds the critical line, 

it indicates a significant upwards or downwards trend. If the 𝑈𝐹𝑘  and 𝑈𝐵𝑘  curves 

intersect and the intersection is between the critical lines, then the time corresponding 

to the intersection is the time when the mutation begins.. 

2.3.3 Inverse distance weighting method 

The inverse range-weighted interpolation algorithm is referred to as the IDW 

algorithm, in which the value of each sampling point contributes to the interpolation 

point with different weights, and the weight is related to the distance between the 

sampling point and the interpolation point (Kewei et al., 2021). The IDW algorithm is 



essentially a weighted average. It first determines the weight of each sample point, 

multiplies the value of each sample point and sums the results to obtain the total value, 

and divides by the sum of the weight of each sample point. Suppose 𝑍𝑖 is the value of 

known sample points, 𝑊𝑖 is the corresponding weight of known sample points, and 𝑍𝑝 

is the interpolation of points to be solved, which is calculated as follows: 

Z𝑃 = ∑ (𝑍𝑖×𝑊𝑖 )𝑛𝑖=1∑ 𝑊𝑖 𝑛𝑖=1                                             (11) 

The weight 𝑊𝑖  in the inverse distance weighting method is determined by the 

following formula: 

𝑊𝑖 = ( 1𝑑𝑖)𝑢                                                       (12) 

In Formula (12), 𝑑𝑖 is the distance between the interpolation point and the known 

sample point; 𝑢 is the weight exponent. The higher the weight index is, the smoother 

the interpolation result is. 𝑢 is the control parameter. The larger the 𝑢 value is, the faster 

the weight decays with increasing distance. In contrast, the smaller 𝑢 is, the slower the 

weight decays with increasing distance. Generally, 𝑢 is 1-3(Stein, 2009). In this study, 

the IDW method was applied to map the spatial distribution of regional groundwater. 

2.3.4 Coefficient of variation 

The coefficient of variation is a normalized measure of the degree of dispersion of 

the probability distribution, which is defined as the ratio of the standard deviation to 

the average value (Lande, 1977): 

   CV = 𝜎𝜇                                                               （13） 

Coefficient of variation (also known as dispersion coefficient) is a normalized 



measure of dispersion degree of probability distribution. The coefficient of variation is 

defined only when the mean is not zero, and generally applies when the mean is greater 

than zero. Unlike the standard deviation, the coefficient of variation can be used to 

compare the degree of dispersion of two groups of different dimensions or very 

different data. The larger the CV value, the greater the degree of dispersion within the 

data group, and the wider the spatial range representing the data distribution. In this 

article, we use the CV value to represent the volatility of groundwater changes. 

2.3.5 Pearson correlation analysis 

The correlation coefficient is a descriptive statistical indicator first designed by 

statistician Pearson, which refers to the degree to which a change in one variable 

corresponds to another  (Pearson, 1901). The correlation coefficient has been widely 

used in various fields of research. We use the correlation coefficient to explore the 

impact of climate factors such as temperature, precipitation, evapotranspiration and 

human activity factors such as cultivated land and population on groundwater in 

irrigated areas. 

R(X, Y) = 𝐶𝑜𝑣(𝑋,𝑌)√𝑉𝑎𝑟[𝑋]𝑉𝑎𝑟[𝑌]                           （14） 

where 𝐶𝑜𝑣(𝑋, 𝑌) is the covariance of 𝑋 and 𝑌, 𝑉𝑎𝑟[𝑋] is the variance of X, and 𝑉𝑎𝑟[𝑌] is the variance of Y. 



3. Results 

3.1 Analysis of the change in the temporal and spatial distribution characteristics 

of groundwater 

Based on the measured data of groundwater observation wells, this section used 

the inverse distance weighting method, Mann-Kendall trend test method, wavelet 

periodicity analysis method and coefficient of variation method to explore the 

groundwater in the research area from the three aspects of time change trend, 

periodicity and volatility. The characteristics of the temporal and spatial distributions 

change on a yearly scale and monthly scale changes of groundwater occurred in a 

statistical area. 

The inverse distance weighting method was applied to the study of the spatial 

and temporal distributions of regional groundwater levels, and the annual average 

spatial distribution of groundwater levels in 2000 and 2019 is shown in Figure 3. The 

regional groundwater levels were mainly affected by elevation and appeared to be high 

in the south and low in the north. The groundwater level varied significantly with 

latitude, and the water level varied from 107.3 m to 41.87 m from south to north. With 

the change in time, since the changes in the elevation of the study area were much 

greater than the changes in the groundwater level, the changes in the groundwater level 

in the two years in the figure are not obvious, but the years 2019 and 2020 could be 

compared for the study area. The areas of low water level in the central irrigation district 

have been significantly reduced, and the regional average groundwater level has 

increased significantly. 



 

Figure 3 Groundwater level distribution maps of the study area in 2000 and 

2019 based on the inverse distance weighting method 

The Mann-Kendall test method was applied to the mutation test of the annual 

average groundwater level data of 10 groundwater level observation points in the study 

area to determine how the groundwater level in the area has changed since 1999. The 

groundwater level changes within the irrigation area showed strong temporal and spatial 

heterogeneity (Figure 4). Except for points 183 and 231, which had high similarity, the 

mutation time and future change trends of other points were not the same. Even the 

points that were spatially closer did not have any similarities (e.g., points that were all 

located by the river, points that are all located in the north). Among all points, 35, 79, 

98, 183, and 231 showed an upwards trend with an average increase of 0.04 m/a; points 

35, 183, and 231 had the most significant upwards trend, with the highest increase of 

0.09 m/a; points 59, 96, 108, 137, and 313 showed a downwards trend with an average 

decline of 0.02 m/a; and the downwards trend of points 108 and 137 was the most 



significant and the largest decline was 0.04 m/a. The year of each point mutation varied 

from 1 (point 35, 79, 108, 137, 183, 231) to 7 (point 98). The years of mutation were 

generally distributed from 2002 to 2018 and were mainly concentrated from 2009 to 

2016. For the average groundwater level of the entire region, the groundwater level in 

the study area has shown a slight rise since 2002, with an upwards trend of 

approximately 0.015 m/a, and the variation range of each observation point was 

between -0.054 and 0.098 m/a. Using wavelet analysis for the periodic analysis of the 

regional groundwater, the results showed that the annual average groundwater level in 

the region had no significant periodicity during 2000-2020, which was consistent with 

the wavelet analysis results from various observation wells. All the results showed that 

there was no periodicity in the changes of the regional groundwater level on the annual 

scale, so the results of the wavelet periodicity analysis of each single well are not listed 

individually. 



 

Figure 4 The M-K test of the changes in water observation points in various 

places from 2000 to 2020 and the wavelet periodic analysis of the regional 

average water level 

The monthly scale changes were similar to those at the annual scale, and the 

distribution of the groundwater level still reflected strong temporal and spatial 

heterogeneity (Figure 5). It is worth noting that all or most of the months showed an 

increasing trend at points 35, 79, 98, 183, and 231. Among them, point 35 had the largest 

growth rate in April (0.11 m/a). Most of the months showed a decreasing trend at points 



59 and 137, and point 137 had the largest rate of decrease in April (-0.06 m/a). For the 

entire region, the groundwater level in each month except November (-0.005 m/a) 

showed an increasing trend, with the highest growth rate in March (0.029 m/a). By 

dividing the 12 months into the irrigation period and the non-irrigation period, we found 

that the groundwater growth rate (0.016 m/a) during the irrigation period (March to 

October) was approximately twice the growth rate of groundwater during the non-

irrigation period (January, February, November, December). This result means that in 

the future, the range of groundwater changes during the year will be greater, and the 

groundwater level during the irrigation period will rise significantly. Next, we will 

analyse the variation range of groundwater depth at each point. 

 

Figure 5 The change rate of the groundwater level at each observation point 

and the regional average groundwater level on a monthly scale from 1999 to 2020 



In terms of the monthly average groundwater depth at each point, the month in 

which the lowest value of the average groundwater level at each point occurred was not 

the same, but all were concentrated between April and August; the highest value was 

concentrated between November and February of the following year (Figure 6). With 

the exception of point 96, all observation points showed that the average groundwater 

level during the irrigation period was lower than that during the non-irrigation period. 

The regional groundwater level rose significantly during the irrigation period, and the 

rise was the most significant at point 137, which rose by approximately 1.2 m compared 

with the non-irrigation period. Regarding the average groundwater level of the entire 

region, at the same time as the start of irrigation activities, the regional groundwater 

level rose significantly starting in March, and the highest value appeared in July, 

exceeding the average water level of 0.64 m during the non-irrigation period, and 

showed a significant decreasing trend in September. The quartile point can be used as 

an important indicator to measure the volatility of the groundwater level. In terms of 

the fluctuation range, the difference in the position of the observation points was very 

obvious. Different points exhibited different ranges of fluctuations in different months. 

Almost all months had periods of maximum or minimum fluctuations at different 

observation points. The maximum fluctuation range appeared in May (2.1 m) at 

observation point 183 and in June (2.2 m) at observation point 137, and the minimum 

appeared in May (0.2 m) at observation point 98 and in April (0.2 m) at observation 

point 79. For the whole area, the fluctuation range of groundwater in August was the 

largest (1.1 m), and the fluctuation range in May was the smallest (0.34 m). The 



volatility of the regional groundwater level was similar regardless of the irrigation 

period or the non-irrigation period, but the fluctuation range of 0.9 m in the irrigation 

period was slightly higher than the fluctuation range of 0.7 m in the non-irrigation 

period. As shown in the above results, we performed a linear regression analysis on the 

regional average water level on a monthly scale. The results showed that the 

groundwater level during the non-irrigation period and that during the irrigation period 

showed a slowly rising trend. Such a slow rising and rising volatility trend will cause 

the entire region to have a more extreme rise in groundwater level in the future. 



 

Figure 6 Monthly scale box-type statistical graphs of various groundwater 

observation points and regional average groundwater levels from 2000 to 2020 

To verify this trend, we used the coefficient of variation (CV) to compare the 

degree of groundwater level changes in each year (Figure 7). The CV value of the 

regional average groundwater level during the period 1999-2020 showed a significant 

fluctuating increase, with an increase of approximately 0.0078/a. Especially after 2017, 

this result indicated that the volatility of the groundwater level during the year had 



gradually increased, and the degree of water level changes during the year had gradually 

increased. 

 

Figure 7 Linear graph of the coefficient of variation of regional groundwater 

during 1990-2020 

3.2 Attribution analysis of groundwater table changes 

    The above research results showed that the change in groundwater level in the 

irrigation area generally showed strong temporal and spatial heterogeneity, and this 

temporal and spatial heterogeneity value had no significant periodicity or regularity. 

Based on the research background, the changes in the regional natural and human 

environment in the past 20 years were mainly concentrated on the increase in population, 

the expansion of arable land, and the frequent dry-up events of the Amudarya River. 

Therefore, in the context of climate change, to explore the reasons for the interannual 

and interannual temporal and spatial changes in the groundwater level, this article 

selected annual average temperature, precipitation, potential evapotranspiration, and 

Amudarya River discharge as natural factors and population, cultivated land area, and 

agriculture as influencing factors. The increase in output and agricultural output value 

were used as influencing factors of human activities. Using the method of correlation 



analysis, we explored the relationship between the influencing factors and the depth of 

groundwater and the CV value of groundwater changes during the year, as shown in 

Figure 8. In terms of human activity factors, the average groundwater level had a strong 

correlation with arable land area, agricultural output, and population. The correlation 

coefficients were 0.89, 0.88, and 0.84. The CV value of groundwater change during the 

year also had the highest correlation with these three factors, but the ranking had 

changed by 0.56, 0.67, and 0.68. Regarding the natural factors, both the average 

groundwater level and the CV value of the annual variation in groundwater had low 

correlations with various natural factors. The correlation between precipitation and the 

average groundwater level and the CV value of the annual variation in groundwater was 

the highest among natural factors. It was also only 0.49 and 0.21. Human activities were 

the main factors affecting the regional average groundwater level and groundwater level 

volatility during the year, accounting for 67.6% and 78.9% of all influencing factors, 

while natural factors accounted for only 32.4% and 21.1%. 

 

Figure 8 Analysis of the impact of natural and human activities on the 



annual and interannual changes in groundwater 

3.3 Regional groundwater sustainability analysis based on ecological water level 

 A previous study showed that human activities have become the key factor 

affecting the groundwater level in irrigated areas. To ensure the sustainable 

development and regulation of regional groundwater resources, this section used the 

capillary method to calculate the regional ecological critical water level and used the 

monthly scale as the standard to identify regional groundwater resource utilization 

problems in the last 5 years. 

The main cash crops and food crops in the study area are cotton and wheat, 

respectively, accounting for approximately 89% of the total cultivated area. Therefore, 

the ecological water level of cotton and wheat was calculated by the capillary method. 

According to the research data from Irrigation University of Uzbekistan and the 

Xinjiang Academy of Agricultural Sciences, the average main root depth of wheat and 

cotton in this irrigated area is in the range of 0.5-1 m, and the soil water temperature is 

approximately 20 °C in the growing season of crops. Based on these data, 1 m was 

taken as the maximum average root depth of crops 𝐻1 , and the average tension 

coefficient 𝛾 and average density 𝜌 of soil water at 20 °C were determined to be 72.5 ×10−3N/m  and 996 kg N/𝑚2 , espestivesy . Meanwhile, based on the World Soil 

Database (HWSD) constructed by the FAO and IIASA, the average effective capillary 

pore size of soil in irrigated areas was estimated to be approximately 0.0082 mm 

according to the soil type, and the upper and lower bounds of ecological water level 

were calculated as shown in Table 2. 



Table 2 The main values of the parameters needed for the calculation of the 

upper and lower bounds of the ecological water level 

Maximum 

average root 

depth of 

crops (𝐻1) 
Temperature 

(T) 

Average 

tension 

coefficient  

(𝛾) 

Water 

density 

(𝜌) 

Average 

effective 

capillary 

pore 

diameter of 

the soil (R) 

Upper 

limit of 

mean 

ecological 

water level (𝐻2) 

Lower 

limit of 

mean 

ecological 

water level 

(H) 

1 m 20℃ 72.5× 10−3N/m 

996 

kg/m³ 

0.0082 mm 1.78 m 2.78 m 

The ecological water level was between 1.78 m (salinization control limit) and 

2.78 m (desertification control limit). We drew the relationship between the monthly 

average buried depth of all observation points from 1999 to 2020 as a line graph to 

determine the relationship with the ecological water level and selected points 79, 231, 

and 108 as the three different characteristic geographic locations that could 

simultaneously express these three situations, as shown in Figure 9. The results were 

consistent with the previous results. The relationship between the buried depth of each 

point and the ecological water level also showed strong temporal and spatial 

heterogeneity. We divided them into three situations: the points with the most months 

above the upper limit of the ecological water level (59, 79, 96, 313), the points with the 

most months between the ecological water level (35, 96, 183, 231), and the maximum 

number of months below the lower limit of the ecological water level (108, 137). The 

number of months between the ecological water levels during the change in the regional 



average groundwater level from 1999 to 2020 totalled 135 months, which was 14 

months more than the number of months at the upper boundary of the ecological water 

level. Under the influence of human activities, the study area was usually higher than 

the ecological water level or aligned with the ecological water level. However, with the 

continuous increase in the volatility of the groundwater level since 2016, the duration 

of time in which the groundwater level was higher than the ecological water level also 

increased significantly, but there had also been a situation where the groundwater level 

was lower than the ecological water level. The above research showed that there was a 

risk of salinization of the regional groundwater due to excessively high water levels. 

 

Figure 9 The relationship between feature points 79, 231, and 108 and the 

regional average groundwater level from 1999 to 2020 

With the increase in groundwater level volatility, the range of changes in the 

relationship between groundwater depth and the ecological water level has increased in 

recent years. Thus, we predict that groundwater problems will also increase. To further 

distinguish the differences in the temporal and spatial distributions and diagnose the 



temporal and spatial distributions of groundwater resources in the region, we 

interpolated the monthly average water level data of the groundwater observation wells 

from 2016 to 2020 with prominent changes in the CV values using the IDW method. 

According to the ecological water level, we created five levels according to the 

principle of equidistance. Values from 1 to 5, respectively, represented higher water 

level (0.4 m-1.05 m), high water level (1.05 m-1.7 m), located in the ecological water 

level range (1.7 m-2.7 m), low water level (2.7 m-3.4 m) and lower water level (3.4-4.1 

m), and all are shown in Figure 10. 



 

Figure 10 2016-2020 monthly scale classification of regional groundwater 

depth based on ecological water level 

The figure clearly shows that the temporal and spatial changes in groundwater 

changed suddenly in March, and the regional groundwater level rose significantly 

compared with that in February. At this time, the groundwater level in approximately 

72.2% of the study area was higher than the ecological water level. The entire area was 

0.38 m higher than the ecological water level on average and 0.79 m higher than the 



ecological water level at the maximum, and these locations were mainly distributed in 

the middle and southern parts of the study area. At the same time, approximately 11.3% 

of the land area in the northern part of the study area was below the ecological water 

level, which was 0.43 m below the ecological water level on average. Over time, the 

area above the ecological water level in the study area gradually increased until it 

reached the highest state of the regional groundwater level in June and July. Then, 

approximately 83.5% of the area exceeded the ecological water level in July, which was 

0.98 m above the ecological water level on average. The highest point was 1.28 m above 

the ecological water level. At this time, level 1 accounted for approximately 40.2% of 

the total area, which was 1.12 m above the ecological water level on average. The 

groundwater level rose most obviously along the Amudarya River and in the southern 

region, with the highest water level being only 0.5 m below the ground. The regional 

groundwater began declining in September. The level 1 area decreased to zero, but the 

overall 73.2% was still higher than the ecological water level, which was 0.54 m higher 

than the ecological water level on average. The regional groundwater level reached the 

most reasonable level by the end of the irrigation period in November. Approximately 

87.9% of the regional groundwater level was within the ecological water level, and the 

average water level was approximately 2.2 m. Subsequently, the regional groundwater 

level gradually decreased in the northeast and south and reached the lowest value in 

January. Approximately 75.5% of the regional groundwater level was lower than the 

ecological water level, with an average that was 0.55 m lower than the ecological water 

level, 29.2% of the areas were severely low, and the lowest point was approximately 



1.4 m below the ecological water level; these sites were mainly distributed in the north-

eastern and southern parts of the study area. Under the scenario of increased 

groundwater volatility, the increasing trend of groundwater in the entire region will 

cause the regional groundwater level to exceed the ecological water level in a larger 

area, for a longer time, and more often, threatening the sustainable development of the 

regional ecological environment. 

4. Discussion 

 The spatial and temporal distributions of groundwater resources in the lower 

reaches of the Amudarya River showed strong heterogeneity. Whether on an annual or 

a monthly scale, the water level changes at different observation points in different 

geographical locations within the irrigation area were different or even opposite. The 

monthly changes were more consistent with the progress of irrigation activities. For the 

entire region, the annual change showed a slight upwards trend. It was worth noting 

that the volatility of the groundwater level had an obvious trend of increasing each year 

under such a changing trend. The reason for this was mostly attributed to the influence 

of human activities. However, according to the results of ecological water level analysis, 

the implementation of human irrigation activities has not had a positive impact on the 

regional ecology. 

High temporal and spatial heterogeneity is a common characteristic of groundwater 

changes in irrigation areas (Guo et al., 2021), but in terms of the changing trends of 

groundwater, the changing trends of irrigation areas in the lower reaches of the 

Amudarya River were not universal. In the past few decades, many studies have shown 



that global groundwater is falling sharply (Falkenmark, 1997; Wada, 2016), and many 

irrigation areas located in arid areas have drastically reduced groundwater levels due to 

excessive groundwater extraction(Xia et al., 2019). Obviously, our research area is a 

typical counterexample. Since almost all of the regional irrigation water comes from 

the Amudarya River, the exploitation of groundwater is rare, and backwards water 

resource management methods (Djumaboev et al., 2019; Karthe et al., 2015) have 

caused it to be different from the global trend. This provides a good example that tells 

us that although the exploitation of groundwater has caused many irrigation areas to 

face many ecological problems, groundwater should be exploited appropriately. 

The expansion of arable land and the increase in output value result in an increase 

in water consumption (Li et al., 2019). Similar to this paper, many studies on irrigation 

areas in arid areas have shown the large impact of human activities on groundwater in 

irrigation areas (Li et al., 2020; Pan et al., 2020). In our attribution analysis, with the 

rise of the groundwater level, it is particularly worth noting that as a cause of rising 

groundwater, the change in the flow of the Amudarya River was not closely related to 

groundwater. The reason may be that the water diversion and irrigation system of the 

irrigation area was not based on the amount of the Amudarya River (Wang et al., 2021). 

This uncertain water diversion system has greatly damaged the ecological environment 

around the Aral Sea. Additionally, it is not difficult to see from the trend analysis that 

at each observation point, the temporal and spatial heterogeneity and irregularity of the 

groundwater level on the annual scale may be due to changes in the regional agricultural 

planting structure or lack of integrity or regularity in irrigation activities. The monthly 



changes were due to the high consistency of the annual irrigation activities on the time 

scale. Regional irrigation activities began in March, and this was also the time when 

the groundwater changed most drastically until the summer irrigation activities reached 

the highest peak. The groundwater level also reached its highest value. With the 

decrease in irrigation activities, the groundwater level gradually decreased and reached 

its lowest value in winter. Furthermore, differences in planting structures and irrigation 

systems have led to the occurrence of spatial heterogeneity of regional groundwater 

levels, and the increase in groundwater volatility in recent years may have been caused 

by the increasing degree of interference of human activities on regional groundwater. 

All these results indicate that a more specific water resource management system is 

needed to solve the local ecological and environmental problems. 

Under the scenario of increasing groundwater level volatility, the continuously 

rising groundwater level requires us to consider whether this state will cause more harm 

to the area in the future. Therefore, we proposed the concept of the ecological water 

level. At present, there are many studies on the ecological water level of cotton and 

wheat in other irrigation areas, which are basically similar to our research results 

(Ibrakhimov et al., 2007; Pengnian et al., 2014; Yiqiang et al., 2019). Based on the 

concept of ecological water level, we found that the groundwater in most research areas 

was already higher than the ecological water level at the beginning of the irrigation 

period. This phenomenon did not improve until November. Combining the results of 

trend analysis, we predicted that the time in which the groundwater resources in the 

study area are higher than the ecological water level will increase. Under the 



characteristics of low precipitation and high evapotranspiration in arid areas, the degree 

of soil salinization in the irrigation area will increase (Qianqian et al., 2011), which will 

affect the normal growth of crops and cause the degradation of agricultural land 

(Nachshon, 2018) that directly threatens the normal production and life of human 

beings. The current research results in this area are very limited, and the duration is 

relatively long, but it is known that the current phenomenon of the groundwater level 

rising higher than the ecological water level during the current irrigation period is the 

problem of regional water resource management. These problems have also led to the 

ecological crisis of the Aral Sea. Therefore, effective regional water resource 

management measures are essential. Based on the existing literature, to prevent the 

continuous rise of the regional groundwater level, the most direct method should be to 

extract the groundwater in the corresponding areas beyond the ecological water level 

after the start of the irrigation period. The proportion of water intake and irrigation in 

these areas should be maintained at 0.5-0.7 (Yang and Ling, 2015). Because the shallow 

groundwater in the area has a high salt content, the mined groundwater should enter the 

salt washing plant through the alkali drainage canal to prevent the return of water with 

high salinity from harming the soil. At the same time, we will vigorously develop drip 

irrigation to reduce the amount of irrigation water for crops to reduce the amount of 

infiltration water and improve the efficiency of water resource utilization. For non-

irrigation periods, the corresponding area should be "winter irrigation" (Tao et al., 

2016)or the amount of water should be increased to ensure that the water level is within 

a reasonable ecological water level. 



As mentioned above, different from the global changing trend of groundwater and 

the trend in other irrigation areas, under the influence of unreasonable irrigation systems, 

the groundwater in the lower Amudarya irrigation area is a typical irrigation area where 

the groundwater level is increasing each year. Under the influence of such a changing 

trend, the ecological problems in the region may continue to increase in the future. 

Based on the ecological water level, this paper proposed regional groundwater 

management goals, quantified the problems in the spatiotemporal evolution of regional 

groundwater for the first time, and proposed a groundwater management plan, laying 

the foundation for deeper regional research. This article aimed to quantify the problems 

faced by this typical irrigation area. Future research will focus more on the groundwater 

problem in this area, aiming to provide a quantitative plan of multi-scenario water 

resource management, introduce groundwater models, and use the results of this article 

as a modelling target and basis to further improve the regional groundwater 

management plan. This information will help promote ecological restoration in the Aral 

Sea region. 

5. Conclusions 

Since 1960, the lower reaches of the Amudarya River have attracted a large number 

of immigrants to reclaim land for agricultural production, a large amount of river water 

has been introduced into the irrigation area, unreasonable water resource management 

methods have caused the Amudarya River to dry up, the groundwater level in the 

irrigation area has risen, and the regional salinization problem has been serious. 

Therefore, based on the M-K trend test, wavelet period analysis method, coefficient of 



variation method, and inverse distance weighting method, this paper described the 

temporal and spatial distribution characteristics of groundwater in the lower Amudarya 

River irrigation area from 1999 to 2020 and quantified the impact of climate change 

and human activities on regional groundwater. The maximum height of capillary rise 

(capillary method) was used to establish ecological water level standards, diagnose and 

quantify the spatial and temporal distributions of regional groundwater resources, and 

set up a water level target for sustainable groundwater management in the region, which 

provided a theoretical basis for regional groundwater management and follow-up work. 

Combined with the discussion section of this article, the following main conclusions 

were obtained: 

1. From 1990 to 2020, the spatial and temporal distribution characteristics of 

groundwater in the irrigation area showed strong temporal and spatial heterogeneity, 

and the groundwater level generally showed a slow rising state under the scenario of 

increasing volatility. On the annual scale, the water level at each point in the irrigation 

area had no significant periodicity, and the water level change rate range was between 

-0.054 m/a and 0.098 m/a. Additionally, the overall groundwater level in the region has 

been rising since the sudden change in 2002. The average uplift rate was 0.015 m/a. On 

a monthly scale, the average groundwater level of each month except November 

showed an increasing trend, and the rate of increase was the fastest in March (0.029 

m/a). Additionally, the groundwater growth rate, average groundwater level, and 

fluctuation range of groundwater level during the irrigation period (March to October) 

were higher than those in the non-irrigation period (January, February, November, and 



December) by 0.007 m/a, 0.64 m, and 0.2 m, respectively. 

2. Human activities were the main factors affecting the regional annual 

groundwater level changes and the annual groundwater level fluctuations, accounting 

for 67.6% and 78.9% of all influencing factors, while natural factors accounted for only 

32.4% and 21.1%. Among them, the average groundwater level had a strong correlation 

with the arable land area, agricultural output and population, and the correlation 

coefficients were 0.89, 0.88, and 0.84, respectively. The correlation between the CV 

value of groundwater and these three factors was 0.56, 0.67, and 0.68, respectively. In 

terms of natural factors, the average water level and groundwater CV values had a low 

correlation with various natural factors. The correlation between precipitation and 

average groundwater level and groundwater CV value was the highest among natural 

factors, but the values were only 0.49 and 0.21. 

3. The water level for the sustainable use of regional groundwater (ecological 

water level) should be at 1.78 m-2.78 m. Starting in March each year, approximately 

72.2% of the area in the central and southern parts of the irrigation area has been 0.38 

m above the ecological water level. It reached its highest state in July, and 

approximately 83.5% of the area exceeded the ecological water level, which was 0.98 

m above the ecological water level on average. The highest water level was only 0.5 m 

below the ground. The regional groundwater level began to decline in September and 

reached its lowest value in January. Approximately 75.5% of the groundwater levels in 

the north-eastern and southern regions were lower than the ecological water level, 

which was 0.55 m lower than the ecological water level on average. Excessively high 



water levels increase the risk of regional salinization. We believe that under future 

regional groundwater development (water level rise, extreme water level changes), the 

regional ecological environment will worsen. Therefore, it is necessary to use the 

ecological water level of this study to set groundwater targets and to use drip irrigation 

to improve water resource utilization efficiency, reduce regional groundwater levels, 

and maintain the sustainable development of regional groundwater in future regional 

water resource management. 
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