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Abstract

:

Understanding the role of climate change and catchment characteristics in hydrological activity is important for the efficient use of water resources. In this study, a Budyko framework suitable for non-steady conditions was used to assess the impacts of climate change and catchment characteristics on the long-term changes in annual and seasonal runoff in the Second Songhua River (SSR) basin during the last 30 years. Based on the analysis of the hydro-meteorological series of the SSR, the runoff in the SSR basin showed a non-significant increasing trend. The hydro-meteorological elements changed abruptly in 2009, and the study period was divided into a baseline period (1989–2009) and a disturbed period (2010–2018). Runoff increased during the disturbed period compared to the baseline period, with a significant increase in spring runoff in the upstream area and summer runoff in the downstream area. The attribution analysis results indicated that the annual runoff was mainly affected by climatic factors, and 66.8–99.6% of yearly runoff changes were caused by climate change. Catchment characteristics had little effect on yearly runoff but significantly affected seasonal runoff. The catchment characteristics affecting runoff were mainly increased water withdrawal, changes in snowfall, degradation of permafrost, and changes in reservoir operation. This study provides a basis for further understanding the intra-annual runoff variability for SSR and other similar rivers.
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1. Introduction


Global climate change and human activities have seriously affected the regional hydrological cycle, resulting in changes in the runoff processes of many rivers in the world at different time scales [1,2,3]. Dai et al. reported that about one third of the world’s top 200 rivers had undergone significant changes in streamflow since the 1950s [4]. These variations in river flows lead to significant changes in water availability, posing great challenges to water resource planning and management [5]. Therefore, it is important to analyze the evolution of rivers and quantify the contribution of catchment characteristics and climate change to runoff changes to optimize water use and the further exploitation of water resources [6,7].



Surface runoff is influenced by both meteorological and catchment factors, and these factors are not independent of each other, so it is very challenging to distinguish the effects of different influencing factors on runoff [8]. Many methods have been applied to assess the impact of climate change and catchment characteristics changes on runoff, such as distributed hydrologic modeling (SWAT [9], VIC [10], MikeSHE [11], etc.), statistical analysis (Generalized Additive Mode GAM [12]), and regression analysis of regional rainfall and runoff [13]. In addition to these methods, the aggregate hydrological model under the Budyko framework has been widely used to quantitatively estimate the effects of climate change and catchment characteristics changes on runoff changes due to its simplicity and good performance [6,10,14,15,16,17,18].



The Budyko curve was developed using long-term runoff data from hundreds of watersheds to describe the relationship between climate (energy and precipitation input) and water output (evapotranspiration and runoff) in the catchment [18,19,20]. Wang and Hejazi first proposed a method to decompose the effects of climate change and catchment characteristics on streamflow based on the Budyko hypothesis and applied it in 413 watersheds in the United States [6]. Xu et al. analyzed runoff changes in the Haihe River basin in China using runoff elasticity based on the Budyko hypothesis [10]. They showed that annual runoff in the Haihe River basin decreased by 43.0 mm from 1980 to 2006 compared to 1956–1979, of which 73.1% was due to land-use/cover change and 26.9% was due to climate change. Young et al. used the Budyko framework to decompose the effects of forest disturbance and climate change on flow changes in a forested headwater catchment, and the results were similar to the more traditional paired catchment approach [18]. These studies demonstrate the successful application of the Budyko decomposition method in decomposing the effects of different factors on runoff changes.



The classic Budyko framework is constructed based on the water balance on a multi-year scale, so most previous studies have been carried out on a yearly time scale. However, some studies have shown that even though the annual river discharge trends are insignificant, the seasonal and monthly river discharge changes are marked. Xu et al. found no significant trend in the annual average runoff of the Yangtze River mainstream from 1961 to 2000 [21], but the runoff increased significantly in July. This inconsistency between annual and seasonal runoff variability may be due to certain factors that only affect the intra-annual runoff distribution but have little impact on inter-annual runoff [22,23]. Therefore, it is essential to study the changes in seasonal runoff and assess their impact on annual-scale runoff variability [24]. Mianabadi compiled the extensions of the Budyko theory by researchers in the previous dozen years; it was found that the Budyko model still has good rationality when introducing the soil water storage variation [25]. Chen applied the Budyko hypothesis with the introduction of soil water storage variability in 211 watersheds in the United States, demonstrating that the modification of the Budyko equation can be effectively extended to seasonal scales [26].



The Second Songhua River (SSR) is the largest river in the Jilin province, Northeast China. It provides valuable freshwater and hydropower resources for the surrounding residents. However, in recent decades, the underlying surface conditions in the SSR watershed have changed due to intensified human activities. Most notably, there has been a significant decline in the water content of the forest wetland ecosystems in the water source area [27]. In addition, the SSR basin is sensitive to climate change, and the temperature rise and frequency of extreme weather events in the region have significantly intensified. In recent years, the SSR basin experienced a drought-to-flood situation around 2010 [28]. Heavy rainfall has occurred frequently in the basin due to the influence of the northeast cold vortex and the East Asian summer monsoon [29,30,31]. Although several studies have been conducted to quantitatively decompose the contributions of climate change and catchment characteristics to the runoff changes in the SSR basin, they have mainly focused on annual runoff changes [32,33]. The impact of climate change and catchment characteristics changes on long-term changes in seasonal runoff has remained unclear and needs to be studied.



The overall objective of our study is to quantitatively separate the impacts of climate change and catchment characteristics on runoff in the SSR basin using a Budyko framework suitable for non-steady conditions. We first performed trend analysis and diagnosed abrupt change points for 30 years of hydro-meteorological series in the SSR basin. Then, we divided the entire study period into the baseline period and the disturbed period. Finally, we analyzed the attribution of climate change and catchment characteristics to the long-term yearly and seasonal runoff changes in the SSR basin. The results could provide a basis for further understanding the intra-annual runoff variability and provide theoretical support for water resource allocation and management in the SSR basin.




2. Materials and Methods


2.1. Study Area


The SSR originates from Baitou Mountain, the prominent peak of Changbai Mountain. From there, it generally flows northwest for 958 km, and the total drainage basin is 73.4 thousand km2 (Figure 1). The SSR basin has a temperate continental monsoon climate with distinct seasons. The average annual precipitation in the basin is about 750 mm, most of which occurs from June to September. The average annual runoff depth is about 150–200 mm, and it peaks from the late spring through summer due to snowmelt in spring and the precipitation distribution pattern. The basin’s topography is high in the southeast and low in the northwest, with rolling mountains, lush forests, and abundant hydropower resources. Cascade hydropower plants are built in the basin, such as Songshan, Baishan, and Fengman, which play an important role in local flood control, power generation, and agricultural irrigation. The Songshan Terraced Hydropower plant is located in the southeastern mountainous area of the upper reaches of the SSR. It was completed in 2009 and had an average annual power generation of 125.7 million kWh. Baishan Hydropower plant and Fengman Hydropower plant are two large reservoirs on the mainstream of the SSR. They started generating electricity in 1983 and 1943, respectively, with an average annual capacity of 2 and 1.7 billion kWh. In addition, the Fengman Hydropower plant underwent dam reconstruction from October 2012 to September 2019 and maintained a low water level during this time.




2.2. Data Sources and Processing


Data for this study included daily meteorological data and river discharge data collected from 1989 to 2018. The daily river discharge data for four typical hydrological stations, Gaolichengzi (GLCZ), Hanyangtun (HYT), Jilin (JL), and Fuyu (FY), were obtained from the Jilin Provincial Hydrological Bureau. The daily meteorological data for 24 stations in the SSR basin were downloaded from the China Meteorological Data Sharing Service (http://data.cma.cn) (accessed on 1 February 2022). The variables included the mean temperature, max and min temperature, rainfall, relative humidity, mean wind speed, and sunshine hour. Based on these data, meteorologic and hydrologic data in monthly, seasonally, and annual scales were calculated. The potential evapotranspiration at each meteorological station was calculated using the Penman–Monteith formula [34].


  E  T 0  =   0.408 Δ  (   R n  − G  )  + γ   900   T + 273    u 2   (   e s  −  e n   )    Δ + γ  (  1 + 0.34  u 2   )     (   Penman - Monteith   )   



(1)




where   E  T 0    is the potential evapotranspiration (mm/d),  Δ  is the slope vapor pressure curve (kpa/°C),    R n    is the net radiation at the canopy surface (MJ/ m2·d),  G  is the soil heat flux density (MJ/m2·d),  γ  is the psychrometric constant (kPa/°C),  T  is the mean daily air temperature (°C),    μ 2    is the wind speed at 2 m height (m/s),    e s    is the saturation vapor pressure (kPa), and    e n    the is actual vapor pressure (kPa).




2.3. Trends and Abrupt Change Detection


The nonparametric Mann–Kendall (M–K) test was used to assess trends of annual hydro-meteorological time series at a significance level of 0.05 [35].



The standardized M–K statistic Z indicates the trend of the tested series. If Z > 0, the tested series has an upward trend; otherwise, the series has a downward trend. At a significance level of α, if    | Z |  ≥  Z  1 −  σ 2     , the data series has a significant tendency, where    Z  1 −  σ 2      is the quantile of the standard normal distribution. Taking the significance level of 0.05 in this study, then    Z  1 −  σ 2      = 1.96, so if   | Z |   > 1.96, the data series has a significant trend.



The Pettitt breakpoint test was used to detect the abrupt changes and transition year in meteorologic and hydrologic variables [26,36]. Once the transition year is detected, the data series (x1, x2, …, xN) is divided into two separate subseries (x1, x2, …, xt and xt+1, xt+2, …, xN). The test statistic was defined as follows:


  K = m a x  |   U  t , N    |   



(2)






   U  t , N   =   ∑   i = 1  t    ∑   j = t + 1  N  s g n (  x i  −  x j  )  



(3)







When the statistic is significant, the breakpoint of the series is located at  K . The approximate significance probability was calculated as follows [26]:


  p = 2 exp  (    − 6  K T 2     T 3  +  T 2     )   



(4)








2.4. Non-Steady Budyko Framework


With the meteorologic and hydrologic data in the SSR basin, a non-steady Budyko framework was established to evaluate the impacts of climatic factors and catchment characteristics on runoff. The framework follows Chen and Yang’s studies [26,37]. This framework is based on water balance, precipitation ( P ), and runoff ( R ) data in different time scales, which are summarized based on daily hydrologic and meteorologic data in the SSR basin. Actual evapotranspiration ( E ), water storage change (  Δ S  ), and parameters representing catchment characteristics ( ω ) are calculated. The fully differentiated form of the Budyko equation is as follows:


  d R =   ∂ R   ∂ P   d P +   ∂ R   ∂ E  T 0    d E  T 0  +   ∂ R   ∂ Δ S   d Δ S +   ∂ R   ∂ ω   d ω  



(5)







The elasticity coefficient was used to evaluate the change in runoff caused by each factor. The elasticity coefficient of precipitation (   ε P   ) and potential evaporation (   ε  E  T 0     ) can be obtained from Equation (5).



For the selection of climatic factors, we follow the assumptions made by predecessors when applying the Budyko method [38,39]. Thus,   E  T 0    and  P  are categorized as climatic factors, and the others are catchment characteristics factors. The runoff change caused by climate change and catchment characteristics can be expressed as:


  Δ R = Δ  R  c l i   + Δ  R  c a t    



(6)




where   Δ R   is the runoff change (mm),   Δ  R  c l i     is the climate-induced change in runoff (mm), and   Δ  R  c a t     is catchment characteristics-induced change in runoff (mm).



The relative contribution of climate change (   μ  c l i    ) and catchment characteristics (   μ  c a t    ) to runoff changes can be calculated as:


   μ  c l i   =    |  Δ  R  c l i    |     |  Δ  R  c l i    |  +  |  Δ  R  c a t    |    × 100 %  



(7)






   μ  c a t   =    |  Δ  R  c a t    |     |  Δ  R  c l i    |  +  |  Δ  R  c a t    |    × 100 %  



(8)




where    μ  c l i     and    μ  c a t     are the contribution of climate change and catchment characteristics to runoff changes, respectively.



The details of the non-steady Budyko framework are provided in the Supplementary Materials.





3. Results


3.1. Variations of Runoff and Climatic Factors


The trends of hydro-meteorological factors in each sub-basin within the SSR basin are shown in Figure 2, and the results of the M–K test are presented in Table 1. All the hydro-meteorological factors (precipitation, runoff, potential evapotranspiration) showed non-significant changes at the significance level of 0.05. The runoff showed an increasing trend except for the control basin of the HYT station. The average annual precipitation in the basin was 600–700 mm and showed an increasing trend with a change rate of 1.14–2.49 mm/a. The change in potential evapotranspiration was insignificant, especially in control basins of HYT and JL stations.



The results of the Pettitt breakpoint test are shown in Figure 3. Overall, the abrupt changes in runoff and precipitation series over the study area of the SSR basin were insignificant. The maximum absolute values of the test statistics for precipitation and runoff in most of the study areas occurred around 2009, coinciding with the changes in some catchment characteristics factors, such as the operation of some water resources projects in the SSR basin [40]. The construction of the upstream Songshan Terraced Hydropower Station was completed in 2009, which played a role in cutting the streamflow peak and replenishing the drought in the basin by storing water during periods of high rainfall and releasing water during periods of low rainfall [40,41]. Moreover, the reconstruction of Fengman Reservoir was started at the end of 2012, which kept the reservoir running at a low water level. To summarize, we set the abrupt change year as 2009, and the entire study period was divided into a baseline period (1989–2009) and a disturbed period (2010–2018).



The spatial variation of precipitation and potential evapotranspiration over the study area during the baseline and disturbed periods is shown in Figure 4. The precipitation in the study area showed a downward trend from southeast to northwest throughout the study period, mainly due to the climate in the mountainous regions of Northeast China. In summer, the warm and humid air mass from the southeast forms precipitation when it meets the mountains, resulting in more rainfall in the southeastern mountains [42]. During the disturbed period, the precipitation increased compared to the baseline period, and the upward trend was more evident in the southeastern part at high altitudes. The potential evapotranspiration in the basin showed a spatial distribution pattern of being slightly higher in the middle reaches and lower in the headwaters and downstream areas. In terms of temporal variations, the potential evapotranspiration of the basin during the disturbed period decreased slightly compared with the baseline period.




3.2. Variations in the Intra-Annual Distribution of the Runoff


The intra-annual distribution of runoff at control basins of hydrological stations is shown in Figure 5. The runoff of all the basins showed an increasing trend from the baseline period to the disturbed period. The spring runoff was significantly higher at HYT and GLCZ. Similar distribution patterns have been found in the headwater areas in other studies conducted in Northeast China, possibly due to spring snowmelt [27,43]. The intra-annual runoff in the middle and lower reaches (JL and FY) showed changes, including an advance in the summer runoff peak and an increase in spring runoff.




3.3. Variations in Land Use


The changes in land use in the SSR basin are shown in Figure 6. Forests and cropland are the dominant land-use patterns in this watershed and cover over 90% of the total area. Forest is the main land-use type in the upstream area, accounting for more than 90% of the total area. The cultivated land in the middle and lower reaches has increased, and the cropland area in FY basin accounts for more than 40% of the total area. The quantitative results of changes in land use in different basins are shown in Table 2. Overall, changes in land use in the SSR basin are insignificant. The cropland areas increased slightly, especially in the middle reaches, and the cities (impervious land) expanded somewhat, especially in the lower reaches. The decrease in forested area matches the increase in cropland and urban areas.




3.4. Attribution of Runoff Changes


The hydroclimatic characteristics of the sub-basins in the SSR basin are presented in Table 3. The    ε P    values were positive in all sub-basins at all time scales. The    ε P    values for annual, spring, summer, autumn, and winter are 0.98–1.60, 1.83–2.43, 1.23–1.58, and 0.51–0.78, respectively. Meanwhile, the    ε P    values showed obvious spatial variations in different seasons. In spring and summer, the    ε P    values showed an increasing trend from upstream to downstream; in winter and autumn, the    ε P    values were lower in midstream and higher upstream and downstream. Unlike    ε P   , the    ε  E  T 0      values were all negative in all sub-basins at all time scales. Meanwhile, the    |   ε  E  T 0     |    values showed similar seasonal and spatial changes to    ε P    values. In summary, the runoff changes were more sensitive to changes in precipitation and potential evapotranspiration during summer, especially in the downstream area. In addition, the    |   ε  E  T 0     |    values were lower than    ε P    in all seasons, suggesting that runoff changes were more sensitive to precipitation changes.



The results of the attribution analysis of runoff changes in the SSR basin are presented in Table 4. The changes in annual runoff showed spatial variations in the order of GLCZ > JL > FY > HYT. The changes in precipitation might be an important reason for this spatial distribution of   Δ R  , as the annual   Δ R   and   Δ P   showed a positive correlation. This is consistent with the discussions above; the GLCZ basin, as a southeastern mountainous area, receives more precipitation due to the humid airmass from the sea. In terms of seasonal changes, runoff changes mainly occurred in spring in the upstream areas and mainly in summer in the middle and lower reaches. Spring runoff variation accounted for 59% and 35% of the yearly runoff variation in the HYT and GLCZ watersheds, respectively. Summer runoff changes accounted for 59 and 59% of the annual runoff changes in the JL and FY watersheds, respectively.



Climatic factors played a role in increasing runoff at all spatial and temporal scales. In contrast, the impact of catchment characteristics on runoff varied in different areas over time. Changes in runoff due to catchment characteristics occurred most in summer in the HYT, JL, and FY basins. In the three basins, summer runoff variations due to catchment characteristics accounted for 67, 60, and 50% of the total changes induced by catchment characteristics, respectively. In the GLCZ basin, summer runoff changes due to catchment characteristics accounted for about 38% of the total changes, slightly lower than winter (48%). In addition, there were spatial variations in the impact of catchment characteristics on summer runoff, resulting in a decrease in runoff upstream and an increase in runoff downstream.



As shown in Table 4, the changes in annual runoff were mainly caused by climate change, with an average contribution of 61.4–94.3%. Precipitation was the main climatic factor that affected the runoff process. The    μ  c l i     of the annual runoff showed spatial changes, which were highest in FY, followed by HYT and GLCZ, and lowest in JL. The contribution of climatic factors to seasonal runoff changes exhibited seasonal variations. The    μ  c l i     values of spring, summer, autumn, and winter were 64.7–100%, 22.8–62.5%, 65.2–91.3%, and 16.7–40.0%, respectively, indicating that climate change had a greater impact on spring and autumn runoff, and less of an impact on summer and winter runoff. The intensity of catchment characteristics effects on seasonal runoff was opposite to that of climate change. The    μ  c a t     values of spring, summer, autumn, and winter were 0–35.3%, 37.5–77.2%, 8.7–34.8%, and 60.0–83.3%, respectively.





4. Discussion


Based on attribution analysis results, we found that the runoff was significantly influenced by climate change in the SSR basin. The catchment characteristics have a relatively low impact on the yearly runoff but have a more significant effect on the intra-annual distribution of runoff. A detailed discussion of the impact of climate change and catchment characteristics on runoff follows:



4.1. Attribution Analysis of Climate Change to Runoff Changes


In the Budyko framework, precipitation and potential evapotranspiration are usually considered climatic factors [39]. According to the attribution analysis results above, the increased annual runoff in the SSR basin was related to the increasing annual precipitation and decreasing potential evapotranspiration. The contributions of climate change to annual runoff change were 61.4–94.3%. These results differ from the results of Zhang’s research, which reported that the runoff in the SSR basin decreased from 1960 to 2016, and the average contribution of climate change to annual runoff change was only 38.5% [32]. This is probably due to the very low intensity of human activities in the 1960s and 1970s [44], so the runoff process changed significantly when human activities intensified in the late 1970s. Our study focused on the last 30 years; in this period, catchment characteristics have not changed as much as from 1960s to 2010s.



The increased precipitation had a great positive effect on runoff. Si et al. found the summer precipitation in Northeast Asia in the 20th century experienced three interdecadal variations in the 1920s, mid-1960s, and late 1990s [45]. Since late 1990s, the summer rainfall in Northeast Asia is above normal precipitation, which is due to the anomalous Northeast Asia cold vortex and strong East Asian summer monsoon caused by the Atlantic Multidecadal Oscillation. Li et al. reported that the increased spring rainfall from 1979 to 2017 in Northeast China was mainly due to the increased warm and wet air brought by the southerlies [46]. According to Wu’s research, there are drought–flood transitions in Northeast China during the long-term climatic cycle [47]. The drought events in the baseline period in this study are more than in the disturbed period. Above all, the study period included wet decades in the SSR basin, and the disturbed period was wetter than the baseline period. Therefore, the increased precipitation caused by atmospheric circulation changes was the main reason for the increased runoff in the SSR basin.




4.2. Attribution Analysis of Catchment Characteristics to Runoff Changes


The impacts of catchment characteristics on runoff are reflected in changes in water extraction, land use, and land cover [38]. Since 1989, there have been significant changes in water extraction and underlying surface characteristics in the SSR basin. According to the Statistical Yearbook of Jilin Province, the real GDP of the SSR basin increased significantly during the study period, from 159.2 billion yuan (average in the baseline period) to 882.2 billion yuan (average in the disturbed period). Moreover, the farmland and urban areas have slightly increased in the middle and lower reaches (Figure 6). Rapidly growing GDP and more farmland and cities will undoubtedly increase water use in the watershed. According to the Jilin Province Water Resources Bulletin, the annual water consumption in the SSR basin during the disturbed period (7.74 billion cubic meters on average) increased relative to the baseline period (6.18 billion cubic meters on average). However, as shown in Table 4, catchment characteristics increased runoff in some seasons, which might be attributed to the changes in deforestation, operation of reservoirs, or earlier snowmelt. Detailed discussions of the impacts of catchment characteristics on runoff in different seasons are listed below.



	(1).

	
Impacts of catchment characteristics on spring runoff







Despite the raised withdrawals, changes in catchment characteristics in the upstream region resulted in constant or increased spring runoff, indicating that other factors increased the runoff. As the SSR basin is located in mid-to-high latitudes, changes in snowmelt and frozen soils would affect runoff. According to Tian and Li’s research, the snowfall has increased in the Changbai Mountain Area in the upper reaches of the SSR basin [48,49]. Thus, the increased snowmelt caused by more snowfall in winter was the main reason for the increasing runoff in spring in the upstream region, while the decreased spring runoff in downstream areas was probably due to greater water pumping and degrading seasonally frozen soil. In recent years, due to the temperature rise, the seasonally frozen soil in downstream areas has thawed earlier, and the thawed area is larger. It can completely melt by the end of April, leading to increased infiltration and reduced runoff.



	(2).

	
Impacts of catchment characteristics on summer runoff







The summer runoff was significantly influenced by catchment characteristics, especially in the downstream areas, with    μ  c a t     values up to 77.2% (Table 4). The decreased runoff in the upstream areas is mainly associated with the larger water pumping and accelerated degradation of permafrost and seasonally frozen soil. According to Tian and Chang’s study [43,48], seasonally frozen soil can maintain until early June in the upper reaches of the SSR basin due to the higher altitude. Therefore, in recent decades the degrading permafrost and seasonally frozen soil could have increased infiltration and significantly reduced summer runoff.



Since the Fengman Reservoir upstream of the JL station has been in use for a long time, its dam has potential safety hazards. In October 2012, the new dam began to be constructed and was put into operation in September 2019. During this period, in order to ensure the dam’s safety, the Fengman Reservoir operated at a low water level, especially in summer [50,51]. According to Jilin Water Resources Bulletin, the storage volume of Fengman Reservoir was significantly lower during the construction period than the historical storage volume in the same period (https://www.hydrojl.net/) (accessed on 12 December 2022). Therefore, the increase in water release from Fengman Reservoir was probably the main reason for the increased summer runoff in the downstream areas. Moreover, due to the high infiltration capacity of forests, changes in forest area can have a significant impact on the distribution of intra-annual runoff. According to Garcia’s study, the decrease in forest area in the Greek region causes a higher runoff in the rainy season [22]. Thus, the slight decrease in forest area in the downstream areas in the SSR basin might also have contributed to the increase in summer runoff.



	(3).

	
Impacts of catchment characteristics on autumn runoff







Catchment characteristics have little effect on autumn runoff, with    μ  c a t     values ranging from 8.7 to 34.9%, and the   Δ  R  c a t     values are small, ranging from −3 to 8 mm. Catchment characteristics increased runoff in all the basins except for FY, which is probably associated with changes in proportion of snowfall in precipitation. As discussed above, runoff in the SSR basin is significantly influenced by snowfall. According to previous studies, it started snowing in October in the SSR basin. While in the context of global warming, the first snowfall in the SSR basin was delayed backward. Compared with the 1980s, the date of the first snowfall in 2018 was delayed by about ten days [52]. Thus, the proportion of snowfall in precipitation in the disturbed period was lower than that in the baseline period, resulting in more runoff, which was probably one reason for the slight increase in autumn runoff. Moreover, the freezing time of rivers has also been delayed, also increasing the monitored runoff to a certain extent.



	(4).

	
Impacts of catchment characteristics on winter runoff







The runoff change value caused by catchment characteristics (  Δ  R  c a t    ) in winter was not large. However, the contribution of catchment characteristics (   μ  c a t    ) to runoff is the highest in all the seasons due to the same little changes in runoff caused by climatic factors (  Δ  R  c l i    ) in winter. The decreased runoff in HYT, JL, and FY basins was due to larger water pumping. In addition, the increased runoff in GLCZ basin was mainly attributed to the operation of Songshan Terraced Hydropower Station [40], which homogenized the intra-annual distribution of runoff, reduced summer flood peaks, and increased winter runoff. Although there are other reservoirs in the SSR basin, only the Songshan Terraced Hydropower Station was put into operation during our study period. The Fengman Reservoir and Baishan Reservoir construction in the SSR basin was relatively early and began operation before the study period. Moreover, there were no apparent changes in their operation in winter.



Based on the results of this paper, the following suggestions are proposed for the sustainable use and management of water resources in the SSR basin. Runoff increased in all regions of the basin, with significant increases in spring runoff in the upper reaches and summer runoff in the middle and lower reaches, which increases flood risks. Qi et al. obtained similar results of increased flood risks in the SSR basin [53]. Therefore, there is a need to strengthen the forecasting and prevention of spring floods in the upstream area as well as summer floods in the downstream area. According to the results of attribution analysis, the runoff changes were mainly caused by climate change in the SSR basin. Meanwhile, changes in catchment characteristics also affected the runoff process, especially the seasonal runoff. Thus, the long-term prediction of water resources in the SSR basin under the influence of climate change and catchment characteristics changes should be strengthened to prevent the risk of water shortage or flooding.




4.3. Uncertainty Analysis


In this study, we applied the elasticity coefficient method to analyze the runoff change of the SSR basin using the Budyko framework. Nevertheless, there are still some uncertainties in the results of this research. The upstream areas of the SSR are located in the Changbai Mountain area, which experience very active climate change [54]. However, there are relatively few meteorological observations in this region, which may lead to some bias [55].



The impact of runoff change is a very complex process, but the elasticity coefficient method considers climate change and catchment characteristics independent of each other [56]. Although many studies have successfully separated the effects of climate change and catchment characteristics on runoff using the elasticity coefficient method, they still cannot accurately separate the association between them. Usually, climatic factors contain precipitation, temperature, pressure, humidity, wind, etc. The Budyko hypothesis only considers precipitation and potential evapotranspiration as climatic factors. In addition, some factors, such as seasonal permafrost degradation, are affected by both climate change and human activities simultaneously. Thus, further differentiation of climatic and catchment characteristics factors is needed in future studies.





5. Conclusions


In this study, we used a Budyko framework suitable for non-steady conditions to quantitatively estimate the impacts of climate change and catchment characteristics change on the long-term changes in annual and seasonal runoff in the SSR basin from 1989 to 2018. The results showed that the Budyko framework works well in assessing the influence of climate and catchment characteristics changes on the long-term changes in annual and seasonal runoff. At the same time, it was found that climate change and catchment characteristics changes have different effects on annual runoff and seasonal runoff, so the attribution analysis of seasonal runoff changes is of great significance. The detailed conclusions are as follows:




	(1).

	
The runoff of the SSR basin exhibited a non-significant increasing trend in the last 30 years, and an abrupt change occurred in 2009. Compared with the baseline period, the runoff in the disturbed period increased, the upstream spring runoff increased significantly, and the downstream summer runoff increased dramatically.




	(2).

	
According to results of elasticity coefficient and attribution analysis, changes in runoff in the SSR watershed are mainly due to climate change caused by atmospheric circulation variations. The contributions of climate change to the annual runoff changes were 61.4–94.3%.




	(3).

	
The impacts of catchment characteristics on annual runoff in the SSR basin were minor, while they significantly impacted seasonal runoff. Catchment characteristics significantly impacted summer and winter runoff, contributing to 77.2 and 83.3% for summer and winter runoff changes.




	(4).

	
In addition to increased water withdrawals in the basin, increased snowfall, delayed onset of snowfall, delayed river freezing, degradation of permafrost and seasonal permafrost, and operational changes in hydropower stations all affect seasonal runoff in the SSR basin.









According to the findings above, there is a need to strengthen the long-term prediction of yearly and seasonal runoff in the SSR basin under the influence of climate change and catchment characteristics to prevent the risk of water shortage or flooding. Moreover, further differentiation of climatic and catchment characteristics factors is needed in future studies.
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Figure 1. Locations of the SSR basin and hydro-meteorological stations. 
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Figure 2. Trends in precipitation, runoff, and potential evapotranspiration of sub-basins controlled by HYT, GLCZ, JL, and FY stations from 1989 to 2018. 
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Figure 3. Results of Pettitt breakpoint test of the SSR basin. 
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Figure 4. Spatial distribution map of precipitation and potential evapotranspiration in the baseline and disturbed periods of the SSR basin. 
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Figure 5. Intra-annual runoff distribution of the baseline period and disturbed period. 
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Figure 6. Land-use area in SSR basin during the study period. 
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Table 1. Z-values for M–K trend test of precipitation, runoff, and potential evapotranspiration from 1989–2018.






Table 1. Z-values for M–K trend test of precipitation, runoff, and potential evapotranspiration from 1989–2018.












	
	HYT
	GLCZ
	JL
	FY





	Precipitation
	0.18
	0.57
	0.07
	0.54



	Runoff
	−0.47
	0.57
	1.12
	1.15



	Potential evapotranspiration
	0.13
	1.17
	0.6
	0.81
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Table 2. Land-use area in sub-basins during the study period.
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Catchment

	
Year

	
Cropland

	
Forest

	
Grassland

	
Water

	
Impervious






	
GLCZ

	
1990

	
5.1%

	
93.1%

	
1.2%

	
0.1%

	
0.4%




	
1995

	
4.2%

	
94.4%

	
0.7%

	
0.1%

	
0.5%




	
2000

	
3.7%

	
94.9%

	
0.6%

	
0.1%

	
0.6%




	
2005

	
4.3%

	
94.4%

	
0.4%

	
0.1%

	
0.7%




	
2010

	
4.0%

	
94.8%

	
0.3%

	
0.1%

	
0.8%




	
2015

	
5.1%

	
93.3%

	
0.4%

	
0.1%

	
0.9%




	
HYT

	
1990

	
5.3%

	
93.0%

	
0.3%

	
0.1%

	
0.2%




	
1995

	
4.7%

	
93.7%

	
0.2%

	
0.1%

	
0.3%




	
2000

	
5.3%

	
93.1%

	
0.2%

	
0.1%

	
0.3%




	
2005

	
4.6%

	
93.7%

	
0.2%

	
0.1%

	
0.4%




	
2010

	
4.2%

	
94.1%

	
0.2%

	
0.1%

	
0.4%




	
2015

	
6.0%

	
92.2%

	
0.2%

	
0.1%

	
0.5%




	
JL

	
1990

	
23.4%

	
74.3%

	
0.3%

	
1.0%

	
0.9%




	
1995

	
23.2%

	
74.3%

	
0.2%

	
1.0%

	
1.0%




	
2000

	
22.8%

	
74.7%

	
0.1%

	
1.0%

	
1.2%




	
2005

	
25.7%

	
71.4%

	
0.1%

	
1.2%

	
1.4%




	
2010

	
26.3%

	
70.8%

	
0.1%

	
1.1%

	
1.5%




	
2015

	
27.4%

	
69.5%

	
0.1%

	
1.1%

	
1.8%




	
FY

	
1990

	
44.5%

	
51.7%

	
0.4%

	
1.2%

	
1.9%




	
1995

	
44.5%

	
51.5%

	
0.3%

	
1.3%

	
2.2%




	
2000

	
44.3%

	
51.4%

	
0.4%

	
1.0%

	
2.6%




	
2005

	
45.5%

	
49.5%

	
0.4%

	
1.3%

	
3.1%




	
2010

	
46.0%

	
48.7%

	
0.4%

	
1.3%

	
3.5%




	
2015

	
46.3%

	
47.9%

	
0.3%

	
1.2%

	
4.0%
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Table 3. Hydroclimatic characteristics and elasticity of runoff for the four sub-basins in the SSR basin.
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Time Step

	
Basin

	
Data Period

	
Long-Term Mean Value (mm)

	
Elasticity of Runoff




	
P

	
R

	
ET0

	
E

	
ΔS

	
ω

	
     ε  p      

	
     ε  E  T 0       






	
Annual

	
HYT

	
Baseline

	
649

	
339

	
794

	
347

	
−37

	
1.12

	
1.54

	
−0.63




	
Disturbed

	
714

	
375

	
783

	
345

	
−6

	
1.02

	
1.52

	
−0.54




	
GLCZ

	
Baseline

	
792

	
466

	
849

	
349

	
−23

	
0.97

	
1.45

	
−0.49




	
Disturbed

	
904

	
572

	
853

	
344

	
−12

	
0.87

	
1.38

	
−0.4




	
JL

	
Baseline

	
700

	
267

	
841

	
348

	
85

	
0.79

	
1.60

	
−0.41




	
Disturbed

	
774

	
350

	
830

	
349

	
75

	
0.74

	
1.49

	
−0.35




	
FY

	
Baseline

	
646

	
178

	
837

	
354

	
114

	
0.93

	
1.88

	
−0.55




	
Disturbed

	
727

	
231

	
832

	
349

	
147

	
0.90

	
1.89

	
−0.51




	
Spring

	
HYT

	
Baseline

	
119

	
97

	
261

	
65

	
−43

	
0.78

	
1.05

	
−0.43




	
Disturbed

	
152

	
127

	
259

	
65

	
−40

	
0.73

	
1.08

	
−0.36




	
GLCZ

	
Baseline

	
160

	
148

	
282

	
66

	
−54

	
0.67

	
0.98

	
−0.31




	
Disturbed

	
193

	
185

	
280

	
65

	
−57

	
0.64

	
0.98

	
−0.27




	
JL

	
Baseline

	
125

	
67

	
277

	
65

	
−7

	
0.52

	
1.17

	
−0.24




	
Disturbed

	
156

	
77

	
274

	
65

	
14

	
0.49

	
1.32

	
−0.21




	
FY

	
Baseline

	
109

	
42

	
276

	
67

	
0

	
0.62

	
1.34

	
−0.34




	
Disturbed

	
147

	
52

	
274

	
66

	
29

	
0.57

	
1.60

	
−0.29




	
Summer

	
HYT

	
Baseline

	
391

	
173

	
345

	
204

	
14

	
1.72

	
2.02

	
−0.95




	
Disturbed

	
410

	
170

	
344

	
205

	
35

	
1.45

	
1.94

	
−0.77




	
GLCZ

	
Baseline

	
451

	
219

	
368

	
204

	
28

	
1.49

	
1.89

	
−0.77




	
Disturbed

	
497

	
233

	
376

	
205

	
59

	
1.24

	
1.83

	
−0.61




	
JL

	
Baseline

	
431

	
90

	
363

	
204

	
137

	
1.05

	
2.33

	
−0.59




	
Disturbed

	
451

	
147

	
364

	
208

	
96

	
1.03

	
1.94

	
−0.53




	
FY

	
Baseline

	
409

	
64

	
360

	
205

	
140

	
1.22

	
2.67

	
−0.76




	
Disturbed

	
428

	
99

	
363

	
205

	
124

	
1.23

	
2.43

	
−0.72




	
Autumn

	
HYT

	
Baseline

	
114

	
53

	
148

	
66

	
−5

	
1.07

	
1.54

	
−0.61




	
Disturbed

	
124

	
67

	
140

	
64

	
−7

	
0.97

	
1.42

	
−0.49




	
GLCZ

	
Baseline

	
143

	
70

	
157

	
66

	
7

	
0.95

	
1.58

	
−0.5




	
Disturbed

	
169

	
93

	
156

	
64

	
12

	
0.84

	
1.49

	
−0.39




	
JL

	
Baseline

	
110

	
54

	
157

	
67

	
−11

	
0.88

	
1.34

	
−0.47




	
Disturbed

	
129

	
77

	
151

	
66

	
−14

	
0.79

	
1.23

	
−0.36




	
FY

	
Baseline

	
103

	
39

	
157

	
68

	
−4

	
1.03

	
1.56

	
−0.62




	
Disturbed

	
122

	
50

	
153

	
64

	
8

	
0.92

	
1.61

	
−0.51




	
Winter

	
HYT

	
Baseline

	
26

	
16

	
40

	
11

	
−1

	
0.5

	
1.15

	
−0.19




	
Disturbed

	
28

	
12

	
41

	
11

	
5

	
0.51

	
1.48

	
−0.22




	
GLCZ

	
Baseline

	
39

	
29

	
41

	
11

	
−1

	
0.44

	
1.10

	
−0.13




	
Disturbed

	
45

	
62

	
41

	
11

	
−28

	
0.45

	
0.68

	
−0.11




	
JL

	
Baseline

	
29

	
55

	
43

	
11

	
−37

	
0.53

	
0.51

	
−0.15




	
Disturbed

	
34

	
49

	
42

	
11

	
−26

	
0.43

	
0.63

	
−0.11




	
FY

	
Baseline

	
24

	
33

	
44

	
12

	
−21

	
0.68

	
0.68

	
−0.28




	
Disturbed

	
30

	
30

	
43

	
12

	
−12

	
0.74

	
0.95

	
−0.33
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Table 4. Results of attribution analysis of runoff changes in the SSR basin.
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Time Step

	
Hydrological Gauge

	
Change from Baseline Period to Disturbed Period (mm)

	
Runoff Changes Caused by Different Factors (mm)

	
Contribution to Runoff Changes (%)




	
    Δ R    

	
    Δ P    

	
    Δ E  T 0     

	
    Δ  R P     

	
    Δ  R  E  T 0       

	
    Δ  R  c l i      

	
    Δ  R  c a t      

	
     μ  c l i      

	
     μ  c a t      






	
Annual

	
HYT

	
36

	
65

	
−11

	
52

	
3

	
55

	
−19

	
74.3%

	
25.7%




	

	
GLCZ

	
106

	
112

	
4

	
98

	
−1

	
97

	
9

	
91.5%

	
8.5%




	

	
JL

	
83

	
74

	
−11

	
50

	
1

	
51

	
32

	
61.4%

	
38.6%




	

	
FY

	
53
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