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Abstract

:

Storm runoff in basins is comprised of various runoff processes with widely disparate infiltration and storage capacities, such as Hortonian overland flow (HOF), saturated overland flow (SOF), sub-surface flow (SSF), and deep percolation (DP). Areas may be classified according to these various runoff processes based on the soil characteristics, geology, topography, and land-use. This study analyzes changes in runoff components in the Jialu River basin and the Fen River (Jingle sub-basin) during runoff generation from 1980 to 2013 using the runoff segmentation method. Based on the decision scheme, the dominant runoff process (DRP) in the basins was distinguished using geographic information system (GIS) tools. The impact of different runoff process distributions on the changes in the runoff for the basin was determined. The results show that the floods in the Jialu River basin and Jingle sub-basin were dominated by overland flow components. Compared with 1980–1999, the proportion of overland flow components for 2000–2013 in two basins showed a decreasing trend by 8.3% and 7.1%, respectively, while the interflow and underground runoff components increased. In addition, HOF was the DRP in the Jialu River basin and Jingle sub-basin from 2000 to 2013. The area of the rapid runoff processes (HOF, SOF1, and SSF1) in the Jialu River basin and Jingle sub-basin accounted for 89% and 78% of the entire basin, respectively. In contrast, the slow runoff processes (SOF2, SSF2, and DP) accounted for 11% and 22% of the entire basin, respectively. The runoff of the Jingle sub-basin was substantially lower than that of the Jialu River basin under the same rainfall conditions, because of the influence of the distribution of different runoff processes. Compared with the Jialu River Basin, the peak discharge and runoff of Jingle sub-basin were 190.4 m3/s and 2.85 mm lower on average, respectively. The results of this study provide useful information to understand land-use changes and formulate management practices to reduce flooding in the Yellow River.
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1. Introduction


Water resources play an important role in life and have extremely high socio-economic significance in different sectors, such as agriculture, industry, trade, food production, and hydropower generation [1]. However, in recent decades, the over-exploitation and reckless use of water resources have created major challenges such as the pollution, depletion, and inequitable distribution of the resource. This threatens socio-economic development and the natural environment [2,3,4]. The runoff in the Yellow River has significantly reduced, with sudden changes occurring after the 1980s [5,6,7]. Human activities (e.g., Grain for Green Project) and climate change (e.g., changes to rainfall and temperature) are considered to be the key factors causing dramatic reductions in the runoff in the middle reaches of the Yellow River [8]. Climatic variation changes the spatio-temporal distribution of global water resources [9], and changes in the underlying surface conditions are one of the driving factors in the short-term [10,11]. In the background of population growth and increasing demands for natural resources, there is an urgent need for improved watershed management and hydrological disaster prevention. As part of this, the focus must be placed on the impact of underlying surface conditions on regional runoff generation mechanisms.



The direction of change and degree of the underlying surface cover patterns profoundly impact the runoff generation in the basin. Land-use variations, such as converting farmlands to forests and grasslands, desertification, urbanization, and wetland reclamation, influence the changes in the distribution of surface water resources under the same rainfall conditions. Such land-use changes have altered the catchment runoff generation process, leading to flooding or drought [12]. Soil types determine the physical properties and infiltration characteristics of the soil, and the study of soil infiltration performance is the basis and prerequisite for exploring the runoff generation mechanisms of the watershed [13]. Slope is a major topographical factor that influences soil infiltration, runoff velocity, and soil stability. Overland flow and interflow on slopes are important components of watershed runoff, directly affecting the hydrological process of the watershed [14]. Variations in the underlying surface conditions caused by land-use, soil types, and topographical factors have an objective impact on runoff and floods. Consideration must be given to bringing these factors together to discern the runoff processes that occur at a given site and how these processes influence runoff generation in the basin during intensive rainfall events.



Determination of the dominant runoff process (DRP) is an important method for the detailed investigation and analysis of soil hydrological parameters, including hydrological predictions of the basin, water resources’ protection and management, and flood and erosion hazard prevention [15,16,17]. The DRP is defined as the runoff process that mostly contributes to runoff generation during a rainfall event. DRPs are divided into Hortonian overland flow (HOF), saturated overland flow (SOF), sub-surface flow (SSF), and deep percolation (DP). The research methods used to study the DRP in the basin in recent years may be divided into two: (1) manual field investigation and (2) automatic recognition based on geographic information system (GIS), also called GIS-DRP. While (1) is the best and most reliable way to understand the DRPs in different areas of the watershed, this method is expensive and time-consuming. As such, it is only suitable for small basins. Naef et al. (2002) proposed that assessing the impact of land-use change on storm runoff could be based on the distribution of the DRP in the watershed [18], where DRP is determined through detailed soil data combined with remote sensing topographic data. On the basis of the GIS-DRP method, Scherrer and Naef (2003) carried out a series of studies to establish a decision scheme and a DRP distribution map of two small areas in Switzerland. They were then able to analyze the flood response according to the location and spatial extent of the DRP maps [19]. Antonetti et al. (2016) tested the applicability of different automatic DRP mapping methods to a study region in Germany and quantified the uncertainties of hydrological simulations due to differing spatial distributions of DRP [20].



The middle reaches of the Yellow River basin in China experience the most severe instances of soil erosion in the world. Researchers have carried out many studies on the influence of climatic conditions and underlying surface factors on the runoff generation process in the basin, such as runoff coefficient simulation, surface runoff prediction, and the contribution rate of different influencing factors, each yielding varying results [21,22]. However, only a few studies investigated the DRP in basins. This study uses the Jialu River basin and Jingle sub-basin in the middle reaches of the Yellow River as study sites. The underlying surface factors were used to comprehensively determine the DRP in each area of the basins and analyze the relationship between the distribution of different runoff processes and runoff generation. This study had three aims: (1) analyze the changes in the runoff composition at different periods in the basins, (2) test the suitability of GIS-DRP method for typical basins in the Yellow River, and (3) discuss the difference of flood process in the basins due to different spatial distribution of DRPs. Combining the knowledge of the spatial distribution of DRPs in a watershed with the current land use can provide useful information for flood risk management as well as for soil and water conservation in the typical basins of the Yellow River.




2. Materials and Methods


2.1. Study Area


The Jingle sub-basin is located in the north and upper reaches of the Fen River basin (Figure 1); it is one of the largest tributaries of the Yellow River. The drainage area of the Jingle sub-basin is 2799 km2. The area has an average annual precipitation of 503 mm (based on 1980–2013 data), 60% of which occurs between July and September. The average annual runoff in the basin is 2.28 × 109 m3 (based on 1980–2013 data). The area is predominantly covered by forest and grass, followed by farmland. The underlying bedrock consists of limestone, sandstone, shale, and conglomerate. Additional details on this basin are provided in Table 1.



The Jialu River basin is a first-order tributary in the mid reaches of the Yellow River. It originates from the eastern part of the Ordos Plateau (Figure 1). The drainage area of the Jialu River basin is 1134 km2, and the basin has an average annual precipitation of 375 mm (based on 1980–2013 data). Frequently occurring floods in July and August often lead to substantial soil erosion in the basin. The average annual runoff in the basin is 0.61 × 109 m3 (based on 1980–2013 data). The area is predominantly covered by grass and farmlands. The underlying bedrock consists of limestone, sandstone, and alluvial rock (Table 1).




2.2. Data Collection


2.2.1. Hydro-Meteorological Data


The collected hydrological data included precipitation, evaporation, and runoff from 1980 to 2013. There are 16 hydro-meteorological stations in the Jingle sub-basin and six hydro-meteorological stations in the Jialu River basin (Figure 1). Area-averaged rainfall and evaporation data were obtained using the Thyssen polygon method. Hydrological stations were extracted from the data of the Yellow River basin [23]. Floods that reached a minimum peak flow rate of 100 m3/s during the study period (from 1980 to 2013) were included in this study. In total, 90 flood events that occurred between July and September were selected; of these, 50 occurred in the Jingle sub-basin and the remaining 40 occurred in the Jialu River basin.




2.2.2. Spatial Data


Table 2 lists all spatial data sources available in digital form, including those containing data on soil type, soil characteristics, and geological information. The soil map (Figure 2) contained the spatial distribution information of soil for the entire basin, and the mapping units are based on the genetic soil classification of China and converted and correlated to the FAO (The Food and Agriculture Organization) Revised Legend [24]; loam and sandy loam are the main soil types in the study area. The soil information map contained basic soil information for Shaanxi and Shanxi provinces. Land use data and slope data are raster data, and soil data and geological data are vector data.





2.3. Methods


2.3.1. Runoff Division


The analysis of the changes in the runoff components of the basins in recent years can better reflect the changes in the dominant runoff process in the basins, but the classification of runoff components is a key and difficult task in hydrological and eco-hydrological research, because of the absence of unified standards in concepts and methods [25,26]. By comparing different separation methods, it was found that the Oblique line separation method was simple and applicable for the daily average flow process line separation. Although it was arbitrary to a certain extent, the segmentation results were equally accurate [25]. Oblique line separation was used to connect the flood rising point and receding point in an oblique straight line on the daily average flow process line; the part below the oblique line was considered as the baseflow, and up the oblique line was considered as the direct runoff.



Baseflow is the sum of underground runoff and slow interflow, whereas direct runoff includes overland flow and fast interflow [27]. Because of the different runoff generation mechanisms between fast interflow and overland flow, the interflow is generated as well as flows within the soil layer, and this flow is slower than the overland flow [28]. Therefore, the direct runoff was divided into a part of the fast interflow component, based on differences in confluence velocity. The gentle recession section between the two inflection points in Figure 3 was caused by a small area of interflow occurring in the study area and the low flow rate of the interflow. The inflection points of the receding section are selected by experience, and linear interpolation is made between the rising point and the inflection point of the receding section to obtain the flow of different runoff components using a combination of Microsoft Excel and ActiveX Automation.




2.3.2. Antecedent Precipitation Index


The antecedent precipitation index (API) reaction was defined as the amount of rainfall retained in the soil following a rainfall event. In this study, we used the recursive formula method [29] to estimate the accumulation of rainfall in the soil during the early stages of flood. The API was defined mathematically as follows:


  A P  I t  = k  P  t − 1   +  k 2   P  t − 2   + … +  k n  ( A P  I  t − n   +  P  t − n   )  



(1)




where APIt is the antecedent precipitation index (mm) on day t; APIt−1 is the antecedent precipitation index (mm) on t − 1 day; n is the number of previous rain days affecting the runoff (usually ~15 d); Pt is the t d rainfall (mm); Pt−1 and Pt−2 are the rainfall (mm) 1 d and 2 d prior to t d, respectively; and k is the daily regression coefficient of the soil water content, defined as follows:


  k = 1 −    E m     W m     



(2)




where Em is the watershed evapotranspiration capacity (mm) and Wm is the water storage capacity (mm) of the watershed.




2.3.3. Determination of the Dominant Runoff Process


The runoff processes are subdivided into HOF (1 and 2), SOF (1 and 2), SSF (1 and 2), and DP according to the conditions of their occurrence and their runoff response [30]; the detailed information of runoff processes is shown in Table 3. Multiple runoff processes may occur at one site during a rainfall event. The process that contributed most to the runoff was identified as the DRP.



The determination of the DRP is developed in different steps as follows. (1) Information about the land use, vegetation, hydrogeology, and topography of watershed is collected. (2) Based on these data, the DRP at the plot sites was identified according to the decision schemes in ARCGIS (Figure 4). The most important factors were infiltration, storage capacity, lateral flow capacity of the soil, and the underlying geology. To distinguish the storage capacities of different soils, we used the numbers 1 and 2 to represent high and low storage capacity, respectively.



Rainfall intensity needs to exceed the infiltration capacity for HOF to occur. The infiltration capacity of the soil is dependent on soil texture, bulk density, water content, and the number of macropores. HOF1 is likely to occur on soils with severe infiltration hindrances, a small number of macropores, and very high clay content, or on bedrock surfaces with low permeability, which is typical of roads and urban areas. HOF2 is a slightly delayed form of HOF, as it occurs in soils affected by compaction and low macro-porosity or surface sealing, soils easily affected by hydrophobicity, or soils with moderate macro-porosity, where the surrounding matrix of soils has low water exchange.



If precipitation encounters a soil layer with significantly lower permeability, and further downward flow in the soil is inhibited, a temporary saturation zone is formed at the interface of heterogeneous soil. With the accumulation of water, it will eventually reach the surface and cause SOF. Moist or wet soils may become saturated during a short rainfall event, during which SOF1 is expected to occur (refer to Figure 4). In thick and macroporous soils with a permeable matrix, a very delayed SOF will result in SOF2. DP is expected to occur on permeable and thick soils, or very permeable shallow soils and bedrock.



Rapid subsurface flow (SSF1) occurs if an impervious layer or impervious bedrock appears on a steep slope with very shallow soil and an effective lateral flow path system. SSF2 occurs in deep soils with a high storage capacity. In the main sandy areas of the Yellow River, the slope has an interactive effect on slope erosion. The amount of slope erosion increases by 0.4–1.5 times with a 5% to 15% rise in slope [31,32]. Therefore, the rules stipulate that SOF may occur on slopes below 15% and SSF occurs on slopes above 15% in non-forested areas. In forests, because of the root system, priority lateral flow paths were more frequent, and SSF was found on 5% of slopes.



The main steps to identify DRP based on ArcGIS are as follows. Firstly, the raster calculator in ArcGIS is used to extract different types of data from the land use data and slope data, so that the same layer contains only the same type of data, then the conversion tool is used to convert to a vector layer. Finally, using the intersect method of the overlay tool, different types of data are superimposed on each other according to the discrimination rules, and the distribution of DRP is obtained.






3. Results and Discussion


3.1. Changes in Runoff Composition Trends


The Grain for Green Project was initiated in 1999 for the Yellow River, China. It has substantially improved the underlying surface conditions in the hilly and gully areas. As such, 1999 was chosen as the time node in this study, where changes in the runoff generation processes for the Jingle and Jialu River basins were studied in two periods: 1980–1999 and 2000–2013 [33]. The segmentation results for runoff components of selected floods in the two basins from 1980 to 2013 are shown in Figure 5. Among the 40 precipitation-runoff events selected in the Jialu River basin, the average value of precipitation (Pavg) during the first stage (the first 20 events) was 40.67 mm and the average value of runoff (Ravg) was 7.5 mm. The overland flow was the main runoff component for flood processes, accounting for 87.3%, followed by the interflow, accounting for approximately 11.5%; the Pavg and Ravg during the second stage were 27.87 mm and 4.49 mm, which are 31% and 40% less than the first period, respectively. The overland flow continued to be the main runoff component during the second stage for flood processes, although its proportion decreased to 80.2%; the proportion of interflow and baseflow increased by 3.3% and 3.8%, respectively. Among the 40 selected floods, the API of floods with base flow components was 11.05 mm, while the API of floods without base flow components was only 3.83 mm.



Fifty precipitation-runoff events were selected in the Jingle sub-basin to analyze runoff processes (Figure 6). Compared with the first stage (first 30 events), Pavg increased by 6.4% and Ravg decreased by 28% during the second stage. The proportion of overland flow decreased from 85.1% to 76.8%, whereas the proportion of interflow and baseflow increased by 4% and 4.3%, respectively. In addition, the API of floods with base flow components was 9 mm, while the API of floods without base flow components was only 4.02 mm. The results show that the changes in runoff components for the two basins had similar fluctuation patterns, and runoff of floods events drastically decreased in the two basins after the year 2000 [34]. In addition, the generation of baseflow was substantially affected by the API. The higher the soil moisture on the eve of rainfall, the easier it was for topsoil to reach saturation. This also meant that the interflow and slow saturated overland flow were easier to produce and the proportion of baseflow components increased [35,36,37].




3.2. Spatial Distribution of DRP


The spatial distribution of the DRP in both basins is shown in Figure 7. Figure 8 presents quantitative information on areal DRP contributions. The DRP in most areas south of the Jialu River basin and mid Jingle sub-basin was HOF2, accounting for 38% and 41% of the area, respectively. The surface soil in this region was silty loam, and the land-use type alternated between grassland and farmland. The kinetic energy impact of raindrops was very large, directly damaging the surface soil structure, reducing soil voids, and enhancing soil hydrophobicity [38]. This caused a sharp reduction in the infiltration rate and the occurrence of HOF2. The surface soil types around the rivers in the two basins were mainly loam, with a slope less than 5% and a relatively high soil moisture level. The surface soil could quickly reach saturation and occur SOF1 during a short rainfall event. In addition, a part of the farmland (topsoil was loam or cinnamon soil) in the two watersheds was covered on the sandstone ridge. As the terrain was flat, the surface soil had a high water storage capacity and the underlying soil was believed to have low permeability, indicating that the DRP of the region was SOF2; the area occupied was only 5% and 7% of the Jialu River basin and Jingle River sub-basin.



Because of the differences in topography and geomorphology, the distribution of some runoff processes was distinctly different in both basins. The area of SOF1 in the Jialu River basin accounted for 30% of the basin, whereas the area of SSF in the Jingle sub-basin accounted for 25% (Figure 8). The surface soil in the northern part of the Jialu River basin was dominated by red sandy soil and sandy loam, and the subsoil type was loam and part bedrock. The sandy soil was characterized by intense macropores, good matrix permeability, and low storage capacity of the shallow soil. The frequent saturation during rainfall within a short duration indicated that SOF1 was the DRP for this basin. The northwest and southeast parts of the Jingle sub-basin were densely covered with forests, the surface soil was loam or sandy loam, the vegetation coverage in this area was high, the organic matter content and capillary porosity of the soil were relatively large, the terrain was steep, and the slope was greater than 20%. When rainfall occurred, the impervious geological substratum and significant terrain slope cause strong lateral flow, instigating the SSF runoff process.



One of the most important purposes of this study was to test how well GIS-DRP methods can map large catchments. Most of the previous studies on DRPs were applied to small watersheds with an area <10 km2; DRP maps were automatically established based on complex discrimination rules and detailed information regarding the underlying surface [19,20]. In this study, the two basins of the Yellow River span an area >1000 km2, and DRP maps were obtained using simplified mapping methods (mainly based on surface soil information and land-use maps). The maps differed in terms of the accuracy and distribution of the DRPs from a previous study [15,16,17,18,19]. These differences were mainly due to the low resolution of soil and geological data, which could not well represent the storage and permeability of the soil and depict geological formations in the study area. For typical sandy areas in the middle reaches of the Yellow River, the single surface soil and land-use types compensate for the low accuracy of remote sensing data. Although the DRP map was of relatively low resolution, it was still able to reflect the spatial distribution of DRPs in the watershed. It also had a certain auxiliary effect on watershed runoff simulation and improved the accuracy of hydrological models.




3.3. DRP Maps and Runoff Compositions


The flow process line in the outlet section of the basin was a result of the superposition of different runoff components generated by multiple runoff processes in various areas of the basin during rainfall events. The overland flow was super-permeable and saturated overland flow, primarily produced by two runoff processes: HOF and SOF. For the middle reaches of the Yellow River, where the climate is arid and the soil unsaturated zone is tens of meters thick, it was difficult to generate deep underground runoff through precipitation [39]. Therefore, this study classified baseflow as the sum of shallow underground runoff and slow interflow [25,27], largely produced by two runoff processes: SSF2 and DP.



Figure 9 shows that the proportion of the runoff components of the floods in the two basins from 2000 to 2013 was the same as the proportion of the area occupied by the corresponding runoff processes in the basin. The proportion of overland flow components (76.8% and 80.2% for the Jialu River basin and Jingle sub-basin, respectively) was roughly the same as the sum of the proportions of HOF and SOF (72% and 83% for the Jialu River basin and Jingle sub-basin, respectively). The proportion of baseflow components was also essentially the same as the sum of the proportions of SSF2 and DP. These results confirm the rationality and validity of the DRP discriminant rules based on the soil type, land-use, and topographic conditions of the basin. The rule was also verified by applying it to different basins, implying that the discriminant rule of the DRP is universally applicable to the main sandy areas of the Yellow River.




3.4. DRP Maps’ Reaction to Flood Process


Depending on the distribution of the DRP, basins react very differently to identical large rainfall events. Basins with large areas of HOF, SOF1, or SSF1 processes react rapidly and strongly [40]. Based on rainfall simulation experiments on farmland, grassland, and woodland (slope > 20%), Naef et al. (2007) found that the runoff generation capacity of different runoff processes with the same rainfall conditions was in the order of HOF2 > SOF1 > SSF1 > SOF2 [41]. When rainfall occurs in the Jialu River basin and Jingle sub-basin, rapid runoff processes are able to generate a large amount of runoff in a relatively short period to form a flood peak at the outlet of the basin. The soil had been in a state of water deficit for a long time because the study regions were characterized by deep groundwater storage and greater evaporative capacity than precipitation. Numerous studies have shown that extreme drying of shallow soil (0–2.3 m) in most basins after the rainy season may be substantially alleviated [42,43,44]. Therefore, in regions where DP, SOF2, and SSF2 runoff processes occurred in the two basins, most of the rainfall was retained in the shallow soil in the form of soil moisture. A part of this soil moisture was absorbed by plants during the growth period of vegetation and the other part was consumed in the form of evaporation after precipitation. As such, it was seldom that water entered the river as a component of underground runoff.



The area of rapid runoff processes, including HOF1, HOF2, SSF1, and SOF1, in the Jialu River basin accounted for 89% of the entire basin. The rapid runoff processes in the Jingle sub-basin accounted for only 78% of the total basin, whereas the DP, SOF2, and SSF2 processes accounted for 22%. Three groups of rainfall events with similar rainfall characteristics (precipitation and rainfall intensity) were selected from the two basins (Table 4), and their corresponding flood processes were analysed (Figure 10). When a rainfall event with the same characteristics occurred in the two basins, the rapid runoff processes in the Jialu River basin accounted for a greater proportion of the basin area, such that runoff was rapidly generated after rainfall hit the ground. Compared with the Jingle sub-basin, the peak time of Jialu River basin is 3.8 h earlier on average, and the peak discharge and runoff of Jialu River basin were 190.4 m3/s and 2.85 mm higher on average, respectively. The difference of similar rainfall under various runoff processes is the most obvious in group 1, where Jialu River basin received the same rainfall as Jingle sub-basin. However, the peak flow and runoff was two times higher in Jialu River basin than in Jingle sub-basin.



Compared with 1980–1999, the proportion of overland flow in the two basins decreased in 2000–2013, whereas the runoff components of interflow and baseflow increased to a certain extent (Figure 5 and Figure 6). As the underlying surface conditions in the middle reaches of the Yellow River have substantially improved since 2000, sections of the region with rapid runoff processes have been transformed into regions with slower runoff processes; for example, to delay runoff at a site, where the low permeability of the topsoil causes HOF2, the structure of soil could be improved by tillage combined with plants having a high root density and lush surface cover. This could change HOF2 to SOF2. This phenomenon may explain the reasons for the decrease in water volume in the middle reaches of the Yellow River in recent years.





4. Conclusions


This study analyzes changes in runoff components in the Jialu River basin and the Fen River (Jingle sub-basin) during runoff generation from 1980 to 2013 using the runoff segmentation method. The results showed that floods in the Jialu River basin and Jingle sub-basin were dominated by overland flow components. Compared with 1980–1999, the proportion of overland flow components in 2000–2013 showed a decreasing trend, decreasing by 8.3% and 7.1% of Jingle sub-basin and Jialu River basin, respectively, whereas the interflow and underground runoff contribution had increased.



Based on the decision scheme, the DRP in these basins was determined using GIS. The impact of different runoff process distributions on the change in runoff for the basin was investigated. It was concluded that the DRP of the Jialu River basin and Jingle sub-basin from 2000 to 2013 was HOF, and rapid runoff processes (HOF, SOF1, and SSF1) accounted for 89% and 78% of the basin area, respectively, whereas the slow runoff processes (SOF2, SSF2, and DP) accounted for 11% and 22%, respectively. Under the same rainfall conditions, the runoff in the Jingle sub-basin was markedly lower than that in the Jialu River basin because of the influence of the distribution of different runoff processes.



The GIS-DRP method is also applicable to parts of the middle reaches of the Yellow River, but for these basins, it is more difficult to obtain relevant data of the basins. The DRP map is a powerful tool to visualize the hydrology of a basin and its reactions to intense rainfall events. It may be used to quantify storm runoff directly, improve the simulation accuracy of the hydrological model, understand land-use change, and formulate management practices to reduce flooding in the Yellow River. One of the current limitations of DRP maps is that the map proposed in our study was not combined with the actual hydrological model, and the research of large watersheds was affected by the accuracy of remote sensing data; it is recommended that this is investigated in future research.
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Figure 1. Study area and gauging stations; (a) description of the location of the watershed on the Yellow River; (b) control catchment of the Jialu River basin; (c) control catchment of the Jingle sub-basin. 
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Figure 2. Soil maps and land-use maps of the study area: (a) and (b) represent the land-use map and soil map for the Jingle sub-basin, respectively; (c) and (d) represent the land-use map and soil map for the Jialu River basin, respectively. 
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Figure 3. Flow process line segmentation results (red dots represent the segmentation nodes of different runoff components). 
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Figure 4. Rules to determine the dominant runoff process with geographic information system, using soil and other maps. For agricultural areas, determination is based on the soil and slope map (a), and for other areas on the land-use map (b), (c) is legend. 
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Figure 5. Rainfall and runoff characteristics for 40 events in the Jialu River basin (July to September): (a) runoff (R) and red dots represent rainfall, P (mm); (b) proportion of different runoff components (overland flow, interflow, and baseflow) in flood events, and the sector chart shows the average proportion of runoff components of all flood events in different periods; (c) antecedent precipitation index (API). 
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Figure 6. Rainfall and runoff plot characteristics for 50 events in the Jingle sub-basin (July to September) and the description of (a) (b) (c) is the same as Figure 5. 
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Figure 7. Maps of dominant runoff processes (DRPs) in the Jialu River basin and Jingle sub-basin produced with set of rules of the DRP. 
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Figure 8. Percentage of total basin area corresponding to each dominant runoff process in the Jialu River basin and Jingle sub-basin. 
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Figure 9. Comparative analysis of different runoff components and dominant runoff processes. 
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Figure 10. Comparison of rainfall-runoff processes in different basins. 






Figure 10. Comparison of rainfall-runoff processes in different basins.



[image: Water 12 03055 g010]







[image: Table] 





Table 1. Characteristics and land-use in 2013 in the Jialu River basin and Jingle sub-basin.
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Catchment

	
Area (km2)

	
Elevation Range (m)

	
Geology

	
Land Use of 2013(%)




	
Farmland

	
Forest

	
Grass

	
Water

	
Urban






	
Jialu River basin

	
1134

	
674–1374

	
Sandstone, limestone, alluvial rock

	
40.5

	
20.73

	
38.5

	
0.14

	
0.13




	
Jingle sub-basin

	
2799

	
1194–2755

	
Sandstone, shale, conglomerate

	
25.3

	
15.85

	
58.6

	
0.08

	
0.17
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Table 2. Maps and spatial data used for process determination.
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	Resolution
	Comments
	Reference or Data Holder





	Soil map
	-
	Contains information about soil types
	World Soil Database

(FAO/IIASA/ISRIC2008)



	Soil information map
	-
	Information about soil depth and soil water characteristics
	Soil Science Database of China



	Slope map
	30 m
	
	Geospatial Date Cloud



	Land use map
	30 m
	
	National Earth System Science Data Center (2013)



	Geological map
	-
	Stratigraphic units
	World Soil Database (2008)
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Table 3. The different runoff processes considered in the process decision schemes.
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Process

	
Type

	
Abbreviation

	
Intensity of Runoff Process






	
Overland flow processes

	
Hortonian

	
HOF1

	
Immediate Hortonian overland flow due to infiltration hindrance (infiltration excess overland flow)




	
HOF2

	
Delayed Hortonian overland flow due to infiltration hindrance




	
Saturation

	
SOF1

	
Immediate saturation overland flow due to soil saturation




	
SOF2

	
Delayed saturation overland flow due to soil saturation




	
Subsurface flow processes

	
Lateral flow

	
SSF1

	
Subsurface flow




	
SSF2

	
Delayed subsurface flow




	
Vertical flow

	
DP

	
Deep percolation
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Table 4. Rainfall events with the same rainfall characteristics in different basins.
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Group

	
Session

	
Precipitation (mm)

	
Rainfall Intensity (mm/h)

	
Floods Duration (h)

	
Peak Flow (m3/s)

	
Runoff (mm)






	
1

	
20010816

	
25.5

	
0.52

	
59

	
582

	
6.5




	
20020726

	
26.93

	
0.75

	
63

	
254

	
3.29




	
2

	
20050809

	
28.6

	
1.30

	
68

	
399

	
4.2




	
20060713

	
26.82

	
1.07

	
65

	
236.8

	
1.48




	
3

	
20100727

	
45.8

	
2.29

	
53

	
275

	
7.85




	
20120706

	
47.84

	
1.91

	
55

	
194

	
5.22








(The three rainfall events of 20010816, 20050809, and 20100727 occurred in Jialu River basin, and the remaining three rainfall events occurred in the Jingle sub-basin).
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