

  sustainability-15-02173




sustainability-15-02173







Sustainability 2023, 15(3), 2173; doi:10.3390/su15032173




Article



Analysis of Runoff Variation and Future Trends in a Changing Environment: Case Study for Shiyanghe River Basin, Northwest China



Yiqing Shao 1, Zengchuan Dong 1,*[image: Orcid], Jinyu Meng 1, Shujun Wu 1, Yao Li 1, Shengnan Zhu 1, Qiang Zhang 2 and Ziqin Zheng 1





1



College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China






2



Jiangsu Province Hydrology and Water Resources Investigation Bureau, Nanjing 210029, China









*



Correspondence: zcdong@hhu.edu.cn







Academic Editor: Ashwani Kumar Tiwari



Received: 7 December 2022 / Revised: 8 January 2023 / Accepted: 23 January 2023 / Published: 24 January 2023



Abstract

:

Changes in the hydrological cycle and water resources are inevitable consequences of environmental change, and runoff is an important element of the hydrological cycle. Therefore, the assessment of runoff changes is crucial for water resources management and socio-economic development. As an inland river basin in the arid zone of northwest China, the Shiyang River Basin is very vulnerable to environmental changes. Consequently, this study evaluated the past runoff evolution of the Shiyang River basin using a variety of statistical tools. In addition, the improved Soil and Water Assessment Tool (SWAT) was used to predict runoff trends from 2019 to 2050 under potential future climate change and land use projection scenarios in the future for the Shiyang River Basin. In the inland river basins, water resources mainly come from headwaters of the rivers in the upper mountainous regions, where they are more sensitive. Therefore, this study not only examined the mainstream of the Shiyang River, but also the six tributaries in the upper stream. The results indicate that the mainstream of the Shiyang River Basin and its six upstream tributaries all showed declining trends from the 1950s to 2019, and most of the rivers will continue to insignificantly decrease until 2050. Furthermore, there are two main timescales for runoff in the past as well as future: one is around 40 years and another is 20–30 years. In the meantime, the Shiyang River and its tributaries have relatively consistent change characteristics. The results of this study will provide assistance to basin management agencies in developing more appropriate water resource management plans.
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1. Introduction


Climate and land use are the two main factors affecting the water cycle in the watershed [1,2,3]. With climate change, elements such as precipitation and evapotranspiration change. As a result, water resources will increase or decrease [4,5]. Moreover, the impact of land use change caused by human activities on water resources should not be ignored [6,7]. What is known with certainty is that climate and land use changes will have significant influence on the watershed hydrological process [8,9]. Runoff is one of the essential components of the hydrological cycle, as well as the major utilization form of hydraulic engineering. Its evolution characteristics and trends are important factors affecting the variations of ecological environment and the development of the social economy [10]. Therefore, it is a crucial topic to study how runoff changes under the influence of climate change and land use change [11,12,13].



In general, water resources in arid areas are relatively more vulnerable to environmental variations [14,15]. These regions are characterised by water scarcity and fragile ecosystems. A large amount of research has been carried out on changes in runoff in arid and semi-arid regions around the world [16,17]. There are many dry inland river basins in northwest China [18]. These basins are located in the interior of Asia and far from the sea, which form closed water circulation systems. The northwest arid zone accounts for one-third of China’s total land mass, but has only 5% of the country’s water resources. In recent years, the rapid population growth in these areas has led to an increased demand for water resources, exacerbating the tension between socio-economic and ecosystems [19]. As a result, there are widespread problems of over-exploitation and a high reuse of water resources in inland river basins [20]. Shiyang River Basin, an important inland river basin in the arid area of northwest China, was taken as the research area in this study. Due to the drought climate, large evaporation, low precipitation, large population and unscientific water use structure, groundwater was seriously overexploited, and the groundwater level was constantly falling in this area. Therefore, vegetation degradation, desertification, salinization and other ecological problems were apparent. Overall, water shortage seriously threatens the sustainable development of the river basin [21]. A series of key management programs in the Shiyang River Basin have been initiated by the government since 2006. Through years of effort, the total amount of water consumption in the basin has been reduced and the industrial structure has been gradually optimized. Meanwhile, the ecological environment has been improved. However, owing to its special geographical location, natural conditions and long-term comparatively backward level of socio-economic development, the Shiyang River Basin is still the most vulnerable inland rivers area in terms of ecological environment [22]. This is why it is significant to examine the changes in runoff from the Shiyang River Basin. Previous studies have also been undertaken on the effects of climate change and land use change on water resources in the region [23,24,25,26,27].



The purpose of this study is to examine the trends of runoff evolution in the Shiyang River Basin in the past 60 years, which is of great significance for understanding the response of a hydrological regime to environmental change in this area. The study also aims to determine how runoff will change under the continuing climate and land use changes before 2050. This study is helpful to guide high-quality water resources management, scientific and rational planning, and the utilization of water resources in the Shiyang River Basin, thus promoting the social and economic harmonious development of Shiyang River Basin.



In the arid inland river basin, water resources mainly come from the source mountains, which only account for a small part of the whole river basin [28]. Consequently, there is a strong need to focus on the changes in runoff that occur in these water source areas in response to environmental changes, in order to better research and plan water resources better across the basin [29]. In addition, hydrological conditions in these source areas are more sensitive to environmental changes [30,31]. Hence, not only the mainstream, but also the six upstream tributaries that feed into the mainstream were studied in this study. Furthermore, improvements were made to the SWAT model to allow adjusting the snowfall parameters for each sub watershed separately by modifying the source code.



The structure of this article is as follows. After the introduction, Section 2 describes the study area and the dataset available for use in this study, as well as discusses the model used for the runoff prediction analysis and the modelling approaches. Then, in Section 3, the variation characteristics of past runoff and the prediction results of model runoff are given. Moreover, this section provides a discussion of the results related to the changes of runoff that have occurred and might happen in the context of climate change and land use change. Finally, Section 4 summarizes this study.




2. Materials and Methods


2.1. Study Area


The Shiyang River Basin, which has a total area of 41,600 km2, is situated in Gansu Province’s eastern Hexi Corridor, west of the Wushaoling Mountains. It located at the northern foot of the Qilian Mountains in China (Figure 1), between 36°29′ and 39°27′ N, and 101°41′ and 104°16′ E. With a slope from the southwest to the northeast, the Shiyang River basin is high in the south and low in the north. The four geomorphological units of the basin are the Qilian Mountains in the south, the plains in the middle, the low hills in the north, and the desert region. The Shiyang River Basin has a continental temperate arid climate with high solar radiation, plentiful sunlight, huge temperature fluctuations, minimal precipitation, high evaporation and dry air. From south to north, the watershed is separated into three climate zones. The southern Qilian Mountains’ alpine semi-arid and semi-humid zone is between 2000 and 5000 metres above sea level, with annual precipitation of 300 to 600 millimetres and annual evaporation of 700 to 1200 millimetres; the middle plain’s warm and cool arid zone is between 1500 and 2000 metres above sea level, with annual precipitation of 150 to 300 millimetres and yearly evaporation of 1300 to 2000 millimetres; and the northern warm and dry zone lies between 1300 and 1500 metres above sea level, with annual precipitation of less than 150 mm and annual evaporation of 2000–2600 mm. Influenced by natural conditions such as climate, soil, hydrology and topography, the distribution of vegetation types in the Shiyang River Basin is zonally divided into three distinct natural landscapes, forming a clear vertical spectrum of vegetation. With the exception of the oasis agro-ecosystems, the plain portions of the Hexi Corridor and the vast regions south of the Badain Jaran Desert and Tengger Deserts have a desert vegetation landscape. Low mountainous hills regions are covered with desertified grassland and steppe flora. The southern Qilian mountain range progressively transitions from grasslands and bushes at the base to alpine forests and meadows at the top.



The Shiyang River basin mainly includes eight rivers from east to west: the Dajing River, the Gulang River, the Huangyang River, the Zamu River, the Jinta River, the Xiying River, the Dongda River, the Xida River and many small ditches and rivers, with an area of 11,100 km2 and an average annual runoff of 1.572 billion m3. The Shiyang River basin can be divided into three separate river systems according to hydrogeological units: the Dajing River Basin, the Six River Basin and the Xida River Basin. The Dajing River Basin mainly consists of the Dajing River, which is a part of the Dajing Basin, and its river water is transformed and utilised within the basin. The upper reaches of the Six River Basin contain the Gulang River, the Huangyang River, the Zamu River, the Jinta River, the Xiying River and the Dongda River. They all originate in in the South Basin of Wuwei, and the runoff from the six rivers converges at the edge of the South Basin to form the mainstream of the Shiyang River, which then flows into the Minqin Basin. The runoff from the Shiyang River is entirely consumed in the Minqin Basin. The Xida River system mainly consists of the Xida River, which produces flow in the Yongchang Basin and converges into the Jinchuanxia Reservoir.




2.2. Data


In this study, the Shiyang River Basin’s topography, land use, soil and hydrometeorological data were all meticulously collected and collated, and the necessary data were processed in accordance with the requirements of the model running. Topographic data were adopted from ASTER GDEM data with 30 m resolution downloaded from the Geospatial Data Cloud website (http://www.gscloud.cn accessed on 22 January 2023). Land use data for this study were obtained from the global geo-information public product Globeland30 provided by China (http://www.globallandcover.com accessed on 22 January 2023), and the 1 km land use remote sensing monitoring data of Gansu Province provided by Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (https://www.resdc.cn accessed on 22 January 2023). Soil data used 1:1 million Chinese soil data from the Harmonized World Soil Database version 1.1. Data of daily rainfall, maximum and minimum temperature, wind speed, relative humidity and sunshine hours for three meteorological stations from 1960 to 2019 were downloaded from China Meteorological Data Service Centre (http://data.cma.cn accessed on 22 January 2023). The observed runoff dataset of each hydrological station are from the Hydrological Yearbook. In order to analyse changes in runoff under the influence of climate change and land use change, the measured data were collected from nine hydrological stations on the Shiyang River basin and reverted socio-economic water withdrawal and reservoir storage based on relevant data.



The unified coordinate system WGS_1984_UTM_Zone_48N was used for this study and all spatial data were transformed to it, since the SWAT model demands that all spatial data have the same coordinate system.




2.3. Runoff Variation Analysis


2.3.1. Dispersion Analysis by the Coefficient of Variation


The dispersion of the series can be analysed using the coefficient of variation, usually expressed as Cv. A large value of Cv is associated with strong inter-annual variability in annual runoff, while the opposite is associated with low inter-annual variability in annual runoff.



The most commonly used coefficient of variation is the coefficient of variation which is in the form of the standard deviation removed from the mean and converted into a percentage [32]. The formula is:


  C V =  s   X ¯    × 100 %  



(1)




where  S  represents the standard deviation and    X ¯    is the mean.




2.3.2. Trend Analysis by Mann–Kendall Trend Test


The Mann–Kendall trend test [33,34] is a widely used non-parametric statistical method that can handle missing results and values that are below a detection threshold.



For a time series of n sample sizes x1, x2,…, xn, construct an index column [35]:


   S k  =   ∑   i = 1  k   r i  , k = 2 , 3 , ⋯ n  



(2)




where ri is calculated as follows [36].


   r i  =  {      + 1 ,  x i  >  x j        − 1 ,  x i  ≤  x j        , j = 1 , 2 , ⋯ , i  



(3)







The statistical value Sk in the above equation is the cumulative sum of the number of values greater than the i-th moment and the j-th moment. When the sample size n > 107, the statistic is close to a normal distribution [37]. The formula for calculating the variance is:


  V a r  (   S k   )  =   n  (  n − 1  )   (  2 n + 5  )    18    



(4)







The standardised statistics are calculated as follows.


  Z =  {        S − 1     V a r  (   S k   )      , S > 0       0 , S = 0         S + 1     V a r  (   S k   )      , S < 0        



(5)







The Mann–Kendall trend test discriminates trends by the statistic Z. If the absolute value of Z is greater than Z(1−α/2), then there is an increasing or decreasing trend in the series. Otherwise, the hypothesis that there is no trend in the series should be accepted. Z(1−α/2) is the value of the standard normal distribution when the probability exceeds 1 − α/2 [38].




2.3.3. Periodicity Analysis by Morlet Continuous Wavelet Transform


The wavelet transform is a time-frequency analysis of signals with multi-resolution, which extract the original signal from a signal mixed with strong noise easily. The wavelet transform progressively refines the signal on multiple scales by means of a telescoping translation operation, eventually achieving time subdivision at high frequencies and frequency subdivision at low frequencies. It automatically adapts to the requirements of time-frequency signal analysis. The variation of runoff over time is often influenced by a combination of factors. Runoff is not only characterised by trends and periodicity, but also by abrupt changes and a multi-scale structure, which has a multi-level evolution [39]. The wavelet transform can clearly reveal the multiple cycles of runoff hidden in the time series.


   ψ  a , b    ( t )  =    | a |    −  1 2    ψ  (    t − b  a   )                      b ∈ R , a ∈ R , a ≠ 0  



(6)




where    ψ  a , b    ( t )    is called continuous wavelet,  a  is the scale factor or frequency factor, and b is the time factor.



If    ψ  a , b    ( t )    satisfies Equation (6), for an energy finite signal or time series   f  ( t )  ∈  L 2   ( R )   , its continuous wavelet transform [40] is defined as:


   W f   (  a , b  )  =    | a |    −  1 2      ∫  R  f  ( t )  ψ ∗  (    t − b  a   )  d t  



(7)




where   ψ ∗  ( t )    is the complex common choke function of   ψ  ( t )   . It can be shown using Equation (7) that the wavelet transform is the decomposition process of   f  ( t )    at different scales, which essentially filter   f  ( t )    with different filters. Otherwise,      | a |    −  1 2    ψ  (    t − b  a   )      is the impulse response of the filter.



In this study, Morlet was chosen as the mother wavelet to analyse the runoff dataset. The Morlet wavelet is non-orthogonal and gives smooth continuous wavelet amplitudes [41]. It is also an exponential complex-valued wavelet regulated by Gaussian, which allows a good representation of the phase to obtain information on both the amplitude and phase of the time series [42].


   ψ 0   ( t )  =  π  −  1 4     e  i  ω 0  t    e  −    t 2   2     



(8)




where  t  is time and    ω 0    is the dimensionless frequency. It satisfies the wavelet tolerance condition of Equation (6).





2.4. SWAT Model


2.4.1. Hydrology Model Setup


The SWAT model is a continuous time and scale based distributed hydrological model developed by USDA-ARS. The SWAT model can successfully replicate processes such as surface runoff, groundwater, soil temperature, soil moisture, sand generation and transport, nutrient loss and other agricultural management approaches.



Land surface simulation and water surface simulation are the two components of the SWAT model’s hydrological simulation. The land surface simulation includes the production and slope confluence processes, while the water surface simulation includes the confluence processes in the main river channel.



Surface runoff has a significant impact on the hydrological cycle, and its generation is strongly linked to changes in climatic factors such as atmospheric precipitation, air temperature and evaporation. Human activity and climate change are important to runoff hydrological processes. A key part of the hydrological cycle is surface runoff. The water balance equation for the SWAT model [43] is as follows:


  S  W t  = S  W o  +   ∑   i = 1  t   (   R  d a y   −  Q  s u r f   −  E a  −  W  s e e p   −  Q  g w    )   



(9)




where   S  W t    is the final moisture content of the soil, mm;   S  W o    is the initial moisture content of the soil, mm;    R  d a y    ,    Q  s u r f    ,    E a   ,    W  s e e p    ,      Q  g w     are the precipitation, surface runoff, evaporation, water entering the envelope from the soil profile and water in the return flow on day i, mm, respectively; t represents time, day.



The SWAT model provides two calculation methods to estimate surface runoff, the SCS curve method and the Green and Ampt infiltration method [44]. As the input meteorological data for this study are daily average information, the model chose the SCS curve method to calculate surface runoff. The equation for calculating the SCS curve [45] is:


   Q  s u r f   =      (   R  d a y   −  I a   )   2     (   R  d a y   −  I a  + S  )     



(10)




where    Q  s u r f     is the cumulative runoff or hyperinfiltration of precipitation, mm;    R  d a y     is the daily precipitation, mm;    I a    indicates the initial loss, including puddle filling, plant retention and infiltration, etc., generally approximated as 0.2 s;  S  is the retention parameter.



In this study, Penman–Monteith was used as the basis for the model evapotranspiration calculations, requiring the input of maximum and minimum air temperature, wind speed, relative humidity and solar radiation.



Snowmelt runoff is calculated as a linear function of air temperature based on the snow cover and the temperature threshold for generating snowmelt runoff in the SWAT model, which is equivalent to calculating snowmelt runoff using the degree-day factor method. The SWAT model calculates that snowmelt production is mainly influenced by snowpack temperature, snow cover area and snowmelt rate. Glaciers were found in the higher portions of the Shiyang River basin’s tributaries, the Dongda, Xiying, Jinta and Zamu river basins. Through modifying the source code, SWAT was enhanced by enabling the snowfall variations for each sub-basin separately.



Data on land use types for different years were entered according to different simulation needs. A soil database was constructed. The soil property database contains a total of 20 parameters such as soil hydrological grouping, maximum root depth in the soil profile, soil wet density and effective water holding capacity of the soil layer.



The weather generator database was constructed using daily observations of temperature, precipitation, relative humidity and wind speed from 1960 to 2019 at meteorological stations in the study area, which contained 14 types of meteorological parameters, including monthly average daily maximum temperature, monthly average daily maximum temperature standard deviation, monthly average daily rainfall and monthly average daily rainfall standard deviation.



Based on the established soil and meteorological database, subbasins and hydrologic response units (HRUs) were divided, and the SWAT projects of the Shiyang River basin were established. First, the DEM map of the study area was loaded into the SWAT model and the appropriate area thresholds were selected to create the stream networks. After this, the subbasins could be delineated. Next, the soil map, soil index table, land use map and land use index tables of the study area were imported, and the number of slope classes of the watershed was set. Following this, the multiple HRUs definition method was adopted to set the threshold of land use and soil area, and the threshold percentage was set as 10%. Finally, the definition of hydrologic response units was completed. Further, SWAT models were constructed for each of the six major tributaries of the Six River system.




2.4.2. Model Calibration and Validation


SWAT-CUP is a software developed by the Swiss Federal Institute of Aquatic Science and Technology (Dübendorf, Switzerland) for the automatic calibration and uncertainty analysis of SWAT models. In this study, the SUFI-2 algorithm of the SWAT-CUP tool was chosen to perform the sensitivity analysis and rate determination of the model parameters.



In this study, the correlation coefficient (r2) [46], relative error (Re) [47] and Nash–Sutcliffe efficiency coefficient (NSE) [48] were used to analyse the accuracy of the calculation results and to comprehensively evaluate the simulation results of the SWAT model. The calculation methods are shown in Equations (11)–(13).


   r 2  =      [    ∑   i = 1  n   (   Q  m , i   −    Q m   ¯   )   (   Q  s , i   −    Q s   ¯   )   ]   2      ∑   i = 1  n     (   Q  m , i   −    Q m   ¯   )   2    ∑   i = 1  n     (   Q  s , i   −    Q s   ¯   )   2     



(11)






  Re =    Q  s , i   −  Q  m , i      Q  m , i      



(12)






  N S E = 1 −     ∑   i = 1  n     (   Q  m , i   −  Q  s , i    )   2      ∑   i = 1  n     (   Q  m , i   −    Q s   ¯   )   2     



(13)




where    Q  m , i     is the measured data,    Q  s , i     is the simulated discharge output,      Q m   ¯    is the average of the measured discharge and      Q i   ¯    is the average of the discharge simulation.    r 2    indicates the consistency of the trend between simulated and measured values. The closer the value of    r 2    is to 1, the better the simulated results match the measured data. The smaller the absolute value of Re, the greater the simulation result, and the opposite, the worse the result. NSE represents the degree of deviation of the measured value from the simulated value. The closer NSE is to 1, the closer the simulation is to the measured data [49].




2.4.3. Climate and Land Use Change Projection for Model Inputs


This study selected the stabilization scenario RCP 4.5 from the four RCP scenarios of CMIP5. In this study, the GCM models were downscaled and evaluated for their ability to simulate precipitation in the study area; five models were selected and bias correction, and then Multi-Model Ensemble (MME) was developed.



Precipitation simulations output by 47 GCMs for 1960–2018 were evaluated against contemporaneous observations at three stations in the study area. Six evaluation indicators, including the mean value, coefficient of variation, ZC statistic in Mann–Kendall analysis, inhomogeneity coefficient, normalized root mean square error, and Pearson correlation coefficient between the precipitation simulation series and the measured series, were calculated for each model output, and the weighting coefficients of each indicator were obtained using the entropy weighting method. The set of indicators of the measured precipitation series was taken as the ideal solution, and the set of indicators furthest from the measured precipitation series was taken as the negative ideal solution. The distance (Da+ and Da−) of each GCM to the ideal solution and the negative ideal solution was calculated by Equation (14), and the relative proximity of different GCMs to the ideal solution was derived.


   {       Da +  =    Σ  j = 1  n     (   z j  −  z j ∗   )   2   τ         Da −  =    Σ  j = 1  n     (   z j  −  z j  ∗ ∗    )   2   τ           (  j = 1 , 2 … n  )   



(14)







Five GCM models with high adaptability in the Shiyang River were finally selected for this study: CSIRO-Mk3.6.0, CanESM2, MRI-CGCM3, CCSM4 and CNRM-CM5. An equal-weighted averaging method was used to aggregate the simulated values of the precipitation output from the five GCMs in the Shiyang River Basin to form the dataset CMIP5-MME model.



After CMIP-MME was selected, the GCMs data needed to be corrected. The multi-year monthly mean value of historical measured data and historical GCMS data was calculated to construct the mean correction factor, so as to carry out daily mean value correction for future meteorological data, and the variance correction factor was constructed to carry out variance correction for future meteorological data after the mean value correction. A new future meteorological sequence was obtained with the corrected variance as the constraint condition.



The land use projection dataset of China’s future land use under the RCP4.5 scenario from the National Earth System Science Data Sharing Infrastructure, National Science & Technology Infrastructure of China (http://www.geodata.cn accessed on 22 January 2023) was used to predict the land use change. The land use dataset was based on the 30m resolution global land cover product FROM-GLC, which used 2010 as the baseline year. Then, a logistic regression cellular automata model was developed by adjusting the socioeconomic and climate factors under the RCP4.5 scenario for 2050 [50]. The new future maps produced for the years 2010–2050 and 2030 were used in this study. The raster data of land use were embedded and trimmed according to Shiyang River Basin to obtain the raster map of land use types of the basin in 2030.






3. Results and Discussion


3.1. Runoff Variation


The interannual variation curve (Figure 2) was drawn from the existing annual runoff data from Caiqi station on the mainstream and six stations on the upper tributaries to reflect the change in runoff over the years and the trend of change. It can be found that the mainstream and the six upstream tributaries all show decreasing trends in runoff, especially in the Xiying River where the rate of decline is the greatest.



The multi-year average values of Dongda River from 1955 to 2018, Xiying River from 1955 to 2018, Jinta River from 1950 to 2018, Zamu River from 1952 to 2018, Huang Yang River from 1950 to 2018 and Gulang River from 1956 to 2018 are 322 million m3, 336 million m3, 138 million m3, 245 million m3, 143 million m3 and 0.69 billion m3, respectively. Their Cv values are 0.15, 0.20, 0.24, 0.24, 0.23 and 0.33, respectively. The highest Cv value of Gulang River indicates that the inter-annual fluctuation of Gulang River is largest, while Dongda River is the smallest and the inter-annual fluctuation is the most moderate.



There is a strong correlation between the intensity of inter-annual fluctuations and the volume of water in the tributaries. The larger the volume of water in the tributaries, the smoother the inter-annual fluctuations.



The average multi-year runoff from 1956 to 2018 was 1.393 billion m3 in the mainstream. The maximum value of annual mean runoff is 2.042 billion m3 in 1958 and the lowest mean runoff of 954 million m3 in 1991. The inter-annual fluctuations in the runoff of the Shiyang River are relatively gentle.



The results of the MK trend test for runoff series changes are shown in Table 1. The long time series of water volumes in the upper tributaries and mainstream all showed reducing trends, with the Xiyang, Jinta, Huangyang and Gulang rivers showing significant declining trends and passing 0.05 significance, while the Dongda, Zamu and mainstream did not pass the 0.05 significance test.



Figure 3 shows the contour plots of the real wavelet coefficients and the wavelet variance curves of the runoff series for the seven characteristic stations. In the real wavelet contour plots of the runoff series, positive values (red) indicate that it is a high flow period and negative values (blue) represent periods of low flow.



From the wavelet coefficient plots (Figure 3), we can find that the morphology of each tributary and mainstream in the Shiyang River basin is relatively consistent, indicating that the periodicities of each tributary and mainstream in the Shiyang River basin are relatively similar. Several strong multi-timescale characteristics can be found from annual runoff time series. In order to obtain more accurate periods, the wavelet variances (Figure 4) of these rivers were calculated and plotted as follows.



According to the wavelet variance plots in Figure 4, the largest peak corresponds to the first main period and the second largest peak corresponds to the second main period. The first and second main periods of each station are shown in Table 2.



Overall, there are two main types of cyclical patterns in the 40–50-year and 20–30-year timescales in the evolution of all runoffs over about 60 years. It can be seen that there is one alternating high–low flow period oscillation in the 40–50-year timescale and two alternating high–low flow periods in the 20–30-year timescale.




3.2. Calibration, Validation and Sensitivity Analysis of the SWAT Model


Combined with the data of each sub-watershed and mainstream, the model warm-up periods of 1 or 2 years were set, and calibration period and the validation period were chosen. Then, the land use types of the corresponding years were input to drive the SWAT model, and the parameters of the six tributaries and the main stream were determined, respectively.



The relative errors Re, coefficients of determination R2, NSE and the values of P-factor and R-factor for the calibration and validation periods of the monthly mean runoff for each basin are shown in Table 3. A strong connection was discovered between measured and simulated discharge, which indicates that the SWAT model has strong applicability in the Shiyang River basin.



By this time, the simulated and measured monthly runoff of the calibration period and the validation period was plotted in Figure 5. It can be intuitively seen that in the upper sub-watershed and mainstream, the simulated results of the monthly runoff of the SWAT model in the calibration period and the validation period are in good agreement with the measured runoff process.



At the same time, it can be observed in Figure 5 that the model was incapable of simulating some extreme values. This can be attributed to uncertainty in the input dataset, such as observed precipitation and flow data, or uncertainty in the model itself.




3.3. Modelling Hydrological Responses to Possible Climate and Land Use Changes in the Future


According to the CMIP5-MME prediction results, the annual rainfall of Yongchang and Wuwei stations from 2019 to 2050 has an insignificant increasing trend compared with the historical series, while Wushaoling has an insignificant decreasing trend. In addition, the maximum and minimum temperatures of Yongchang, Wuwei and Wushaoling stations will increase in the future compared with 1960–2018. The variations of annual precipitation, annual maximum temperature and annual minimum temperature can be found in Figure 6.



Compared to 2020, there is a clear change in the type of land use in 2030, as seen in Figure 7.



The area of cultivated land, bare land and water bodies decrease by 28.9%, 13.1% and 76.4%, respectively, while the area of forest land and artificial surfaces remains largely unchanged and the area of grassland increases by 43.3%. This could be attributed to a combination of climate warming and human activity. At the same time, it can be seen that the permanent snow and ice have almost disappeared, which is consistent with previous studies demonstrating that the rate of icebergs melting in the Shiyang River basin is accelerating and will peak around 2030 [51,52,53].



In the meantime, the predicted runoff from Shiyang River Basin mainstream and six tributaries from 2019 to 2050 is shown in Figure 8.



As evident from Figure 8, the mainstream, Dongda River, Xiying River, Jinta River and Zamu River will continue to decline in the future. On the contrary, the Huangyang River and Gulang River switched to insignificant upward trends.



The reason for this may be that the climate type of the Shiyang River Basin will not change under the global warming environment, which will be still warm and dry [54]. Another reason for this is the altered water holding capacity of the watershed due to land use change. The reduction in arable land but the significant increase in grassland reduces the damage to the natural vegetation, but there is a relatively large increase in evapotranspiration due to the high evapotranspiration from grassland. In addition, the dense, weakly permeable layer formed by the root system of grassland is not conducive to increasing soil moisture and baseflow [55]. The precipitation is retained and consumed by the grass vegetation on the one hand, and it is stored in the unsaturated zone of the soil and consumed by evapotranspiration and vegetation on the other, resulting in a certain reduction in the runoff volume of the basin. Nevertheless, the Huangyang River and the Gulang River have small volume of water in their channels, and their runoff will be more influenced by the increasing precipitation in the future. In addition, both of these two rivers are located in the south-eastern part of the Shiyang River Basin, and it is thought that the combined effects of regional topography and climate may cause their future runoff to not show a decreasing trend.



As the climate has warmed, the glacial snowmelt has not increased runoff considerably. The results of runoff splitting report that the annual average contribution of snow and ice melt water to the runoff of Dongda River, Xiyang River, Jinta River and Zamu River is about 9.7%, 5.6%, 4.4% and 1.6%, respectively. The reason for the small contribution is the limited snow and ice resources. Although the basin is characterised by strong ablation, the glaciers in the Shiyang River basin are located on the northern slopes of Lenglongling mountain, the eastern end of the Qilian Mountains. The snowline elevations range from 4400 to 5100 m. The glaciers in the tributaries cover an area of less than 40 km2 and are all small in size [56]. In the future, due to climate warming and glacier retreat changes, although the snow melt rate will be accelerated, the glacier area will also continue to accelerate, which will cause a reduction in glacier meltwater runoff [57]. Precipitation is the most important source of recharge for runoff out of the Shiyang River [58], with glacial meltwater as a partial source of recharge having less impact on future runoff trends.



The results of the average runoff calculations, coefficient of variations, and Mann–Kendall trend tests are listed in Table 4.



Based on the statistical assessment of simulated runoff, it can be known that seven rivers all have reductions in average runoff compared with historical time series. At the same time, there is no significant trend in Shiyang River Basin from 2019 to 2050; in fact, all the Z values of the MK test did not pass the 0.05 confidence level. The overall runoff of Shiyang River Basin would be a non-significant downward trend.



The coefficient of variation of the streamflow series indicates a relatively more considerable variability with the highest Cv at Dongda River > Jinta River > Xiying River and > Zamu River > Mainstream > Huangyang River > Gulang River in their order of variability. Thus, the relationship between Cv and water volume would no longer exist. This is because the runoff simulated by SWAT is largely based on assumed future rainfall data. Cv is influenced by the magnitude of variation in rainfall data. In addition, the simulation of extreme values is insufficient.



In terms of future runoff cycle changes, the runoff from 1956 to 2050 at seven stations was analysed through a wavelet analysis. The results are shown in Figure 9.



Displayed in Figure 9 are common periods; the first main time scale is about 40 years and the second main time scale is around 20–30 years, except for the Huangyang River. With the addition of the predicted series, the original second main cycle of the Huangyang River runoff becomes the first main cycle. The reason for this may be the greater frequency of change in the predicted time series.




3.4. Uncertainties and Limitations


The uncertainties in future runoff projections for this study are derived from the hydrological model inputs, model structure and parameters. The uncertainties of the model inputs may come from the GCMs, downscaling methods and discharge scenarios, etc. [59,60] Assessing the uncertainties is challenging work that can be completed in the following study.



There are two major limitations in this study that could be resolved in the future. First, the assumed emissions scenario in the future is only one scenario RCP4.5. The addition of comparative simulations of other emission scenarios would provide more reliable assistance to future water management. Second, there is only one land use projection of 2030 under RCP4.5 used in future simulations because of time and data constraints. Indeed, the prediction based on more land use projections will be more convincing. Therefore, further research that considers more climate change scenarios and land use maps is considered to be enhanced.





4. Conclusions


From the 1950s to 2019, the tributaries of the Six River system and the mainstream of Shiyang River all showed descending trends, with the Xiying River, Jinta River, Huangyang River and Gulang River showing significant decreasing trends. It can be inferred that the evapotranspiration continued to increase as a reflection of a warming climate, while rainfall remained low. With the exception of the Gulang river, the inter-annual fluctuations of all the tributaries in the Shiyang River basin are relatively gentle, with the Dongda River being the most gentle.



There are two main types of cyclical patterns in the 40–50-year and 20–30-year timescales in the evolution of runoff of all rivers over a period of about 60 years. There is one alternating abundance–depletion oscillation at the 40–50-year scale, whereas two alternating abundance–depletion oscillations occur at the 20–30-year timescale.



In the future, until 2050, there will be non-significant declining trends in the main stream, Dongda River, Xiying River, Jinta River and Zamu River. In terms of periods, the periodicitis exhibited by the mainstream and most of the tributaries from 1956 to 2050 are similar to the periods of 1956 to 2018, with minor differences only in the Huangyang River.



In general, the mainstream of the Shiyang River and its upstream tributaries have relatively consistent characteristics of change. It can be confirmed that the mainstream of the Shiyang River Basin originates mainly from the upstream sources of the mountains.
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Figure 1. Location of the Shiyang River Basin and the hydro-meteorological stations used in the study. 
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Figure 2. Analysis of annual runoff variation trends at 7 hydrological stations of Shiyang River Basin. (a) Shagousi Station at Dongda River; (b) Jiutiaoling Station at Xiying River; (c) Nanying Station at Jinta River; (d) Zamusi Station at Zamu River; (e) Huangyanghe station at Huangyang River; (f) Gulang station at Gulang River; (g) Caiqi station at mainstream of Shiyang River Basin. 
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Figure 3. Wavelet coefficient plots of streamflow in Shiyang River Basin and Six River Basin and their wavelet spectrum. (a) Shagousi Station at Dongda River; (b) Jiutiaoling Station at Xiying River; (c) Nanying Station at Jinta River; (d) Zamusi Station at Zamu River; (e) Huangyanghe station at Huangyang River; (f) Gulang station at Gulang River; (g) Caiqi station at mainstream of Shiyang River Basin. 






Figure 3. Wavelet coefficient plots of streamflow in Shiyang River Basin and Six River Basin and their wavelet spectrum. (a) Shagousi Station at Dongda River; (b) Jiutiaoling Station at Xiying River; (c) Nanying Station at Jinta River; (d) Zamusi Station at Zamu River; (e) Huangyanghe station at Huangyang River; (f) Gulang station at Gulang River; (g) Caiqi station at mainstream of Shiyang River Basin.



[image: Sustainability 15 02173 g003a][image: Sustainability 15 02173 g003b]







[image: Sustainability 15 02173 g004a 550][image: Sustainability 15 02173 g004b 550] 





Figure 4. The wavelet variance curves of annual runoff in 7 stations. 
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Figure 5. Simulated and measured monthly runoff for the calibration and validation periods. (a) Shagousi Station at Dongda River; (b) Jiutiaoling Station at Xiying River; (c) Nanying Station at Jinta River; (d) Zamusi Station at Zamu River; (e) Huangyanghe station at Huangyang River; (f) Gulang station at Gulang River; (g) Caiqi station at mainstream of Shiyang River Basin. 






Figure 5. Simulated and measured monthly runoff for the calibration and validation periods. (a) Shagousi Station at Dongda River; (b) Jiutiaoling Station at Xiying River; (c) Nanying Station at Jinta River; (d) Zamusi Station at Zamu River; (e) Huangyanghe station at Huangyang River; (f) Gulang station at Gulang River; (g) Caiqi station at mainstream of Shiyang River Basin.



[image: Sustainability 15 02173 g005a][image: Sustainability 15 02173 g005b]







[image: Sustainability 15 02173 g006a 550][image: Sustainability 15 02173 g006b 550] 





Figure 6. Variations of climate elements for the Yongchang, Wuwei and Wushaoling stations from 1960 to 2050. (a) Annual precipitation; (b) annual maximum temperature; (c) annual minimum temperature. 
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Figure 7. The land use change types in 2020 and 2030 (used in SWAT prediction). 
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Figure 8. Trends of estimated annual runoff series at 7 hydrological stations in the Shiyang River Basin from 2019 to 2050. (a) Shagousi Station at Dongda River; (b) Jiutiaoling Station at Xiying River; (c) Nanying Station at Jinta River; (d) Zamusi Station at Zamu River; (e) Huangyanghe station at Huangyang River; (f) Gulang station at Gulang River; (g) Caiqi station at mainstream of Shiyang River Basin. 
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Figure 9. Wavelet coefficient plots of runoff of 7 rivers and their wavelet spectrum. (a) Shagousi Station at Dongda River; (b) Jiutiaoling Station at Xiying River; (c) Nanying Station at Jinta River; (d) Zamusi Station at Zamu River; (e) Huangyanghe station at Huangyang River; (f) Gulang station at Gulang River; (g) Caiqi station at mainstream of Shiyang River Basin. 
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Table 1. Results of Mann–Kendall trend test for runoff of 7 rivers.
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	Time, Year
	Name
	Z
	Trends
	Confidence Level
	Significance





	1955 to 2018
	Dongda River
	−0.80
	decrease
	95%
	non-significant



	1955 to 2018
	Xiying River
	−2.56
	decrease
	95%
	significant



	1950 to 2018
	Jinta River
	−3.05
	decrease
	95%
	significant



	1952 to 2018
	Zamu River
	−1.77
	decrease
	95%
	non-significant



	1950 to 2018
	Huangyang River
	−2.90
	decrease
	95%
	significant



	1956 to 2018
	Gulang River
	−3.12
	decrease
	95%
	significant



	1956 to 2018
	Shiyang Mainstream
	−1.12
	decrease
	95%
	non-significant
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Table 2. Main periods in time series of 7 rivers.






Table 2. Main periods in time series of 7 rivers.





	Name
	Main Period 1
	Main Period 2





	Dongda River
	35
	21



	Xiying River
	45
	26



	Jinta River
	49
	29



	Zamu River
	48
	28



	Huangyang River
	48
	29



	Gulang River
	49
	19



	Shiyang Mainstream
	44
	26










[image: Table] 





Table 3. Model performance assessment for calibration and validation periods.






Table 3. Model performance assessment for calibration and validation periods.





	
Name

	
Pre-Calibration

	
Calibration

	
Validation




	
Time

	
Time

	
Re (%)

	
R2

	
NSE

	
Time

	
Re (%)

	
R2

	
NSE






	
Dongda River

	
1989

	
1990–1999

	
25.5

	
0.864

	
0.82

	
2000–2004

	
20.7

	
0.923

	
0.90




	
Xiying River

	
2003

	
2004–2013

	
42.8

	
0.814

	
0.81

	
2014–2018

	
38.3

	
0.904

	
0.89




	
Jinta River

	
2003

	
2004–2013

	
50.4

	
0.857

	
0.83

	
2014–2018

	
47.0

	
0.880

	
0.88




	
Zamu River

	
2003

	
2004–2013

	
53.3

	
0.917

	
0.77

	
2014–2018

	
54.7

	
0.914

	
0.74




	
Huangyang River

	
2003

	
2004–2013

	
38.4

	
0.850

	
0.78

	
2014–2018

	
33.1

	
0.864

	
0.77




	
Gulang River

	
2003

	
2004–2013

	
40.2

	
0.869

	
0.86

	
2014–2018

	
62.2

	
0.908

	
0.89




	
Shiyang River Basin

	
2004

	
2005–2013

	
73.0

	
0.854

	
0.85

	
2014–2018

	
38.8

	
0.929

	
0.89
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Table 4. The statistical assessment of runoff variation from 2019 to 2050.






Table 4. The statistical assessment of runoff variation from 2019 to 2050.





	Name
	Average Runoff (108 m3)
	Cv
	Z
	Significance





	Dongda River
	2.92 (−0.06 *)
	0.25
	−0.37
	non-significant



	Xiying River
	3.17 (−0.19 *)
	0.23
	−0.28
	non-significant



	Jinta River
	1.17 (−0.15 *)
	0.24
	−0.41
	non-significant



	Zamu River
	2.21 (−0.15 *)
	0.23
	−0.54
	non-significant



	Huangyang River
	1.15 (−0.12 *)
	0.17
	0.003
	non-significant



	Gulang River
	0.52 (−0.12 *)
	0.16
	0.004
	non-significant



	Mainstream
	11.95 (−1.98 *)
	0.18
	−0.08
	non-significant







* means the value of average runoff compared with historical average runoff.
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