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Farm dams may exert various pressures on the flow network depending on the position and scale, which may influence the magnitude, timing, and duration of the flow in the basin. Considering the cumulative effects of farm dams is important for understanding their spatial impacts on the rainfall-runoff process. However, a few studies have been able to reckon the temporal and spatial variation in the flow. In this study, we developed an integrated approach based on remote sensing and hydrologic–hydrodynamic modeling to simulate the rainfall-runoff process in a farm dam-dominated basin. Compared with the classical Xinanjiang model (XAJ), the developed coupled hydrological–hydrodynamic model (coupled-XAJ) shows improved performance in the simulation of the no-linear confluence process in terms of flood flow and peak appearance time. It demonstrates that water retention of multiple farm dams is eminent and that the developed model is effective and feasible in farm dam-dominated basins. Furthermore, the integrated approach enables to control and utilize the rain and flood resources with the safety of arm dams guaranteed. This study provides an innovative method for the scientific management of water resources under the influence of human activities and environmental changes.
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1 INTRODUCTION
Globally, irrigation water allocation, which took on the largest proportion (66%) of agricultural water, has been the hardest hit by the rapid growth of water demand for non-agricultural sectors (Tingey-Holyoak, 2014). To address reliable supplies of water all year for irrigation and to maximize the utilization of rainwater resources, farm dams have been constructed continuously during the last few decades (Krol et al., 2011; Malveira et al., 2012; de Araujo and Medeiros, 2013). The Department of Sustainability and Environment (2007) defined a farm dam as a private water harvesting structure that is usually excavated. Its basic purpose is to capture runoff by the bank and barrier when it is available and store it for later use (Nathan and Lowe, 2012). They play an important role in the rural areas, especially those dominated by dryland agriculture (Sinclair, 2000; Teoh, 2002; Ashraf et al., 2007; Nathan and Lowe, 2012). Farm dams are common in many countries including the US (Ignatius and Stallins, 2011; Ignatius and Rasmussen, 2015; Ignatius and Jones, 2017), France (George, 2011; Habets et al., 2014; Habets et al., 2018), New Zealand (Kizenzle and Schmidt, 2008; Thompson, 2012), African countries (Hughes and Mantel, 2010; Mantel et al., 2010; Legese et al., 2018; Tsoka, 2018), and Australia (Braccia and Hall, 2014; Sadeghi, 2015; Pisaniello and Tingey-Holyyoak, 2016; Cescato, 2018; Jordan et al., 2018; Morris et al., 2019).
Although they provide farmers with great convenience and flexibility in water resource systems, farm dams are seldom included in catchment management plans; consequently, the stored water is barely considered as part of the water resources of a river basin. Farm dams have significant effects on the hydrological cycle and environment. Due to the lack of actual number and size information, these effects cannot be ignored (S Sawunyama et al., 2006; Matteau et al., 2009; Bocchiola and Rosso, 2014). The impacts on the hydrological process of farm dams are mainly reflected in the scale effect (Figure 1). Meigh (1995) showed that the impact of a large number of small dams is relatively greater than that of a small number of large dams with the same total capacity. The responses of the environment to farm dams show in long-term continuous changes and short-term mutation (Lewis and Harrison, 2002; Morris et al., 2019). In terms of long-term behavior, related researches focused on changes in the mean of inter-annual or seasonal runoff (Neal et al., 2002; Evrard et al., 2007). Merz (2000) stated that it has a direct relationship between the exploitation quantity of farm dams and the reduction of the streamflow. The relatively accurate reduction is at least 10% and even more (Ramireddygari et al., 2000; Nathan et al., 2005a; Cetin et al., 2009; Nathan and Lowe, 2012). It is also presented that farm dams reduce the water output of big reservoirs, which affects the reallocation of water (Malveira et al.,.2012). In terms of short-term change, they bite in the discharge of flood and the peak appearance time after prolonged drought or at the beginning of rainfall, which added to the headwind for simulation by the traditional unit hydrograph as the core for lumped models. Using the original forecast value for decisions would make reservoir discharge water in advance. Kazarovski (1996) found that the peak flow would increase fourfold if all the small dams failed at the same time, compared with the flow if the dams remained intact. Although the impact of an individual farm dam is relatively small, the cumulative impact of a great many farm dams could dramatically alter the natural hydrological processes, which increased the complexity of understanding the hydrological cycle.
[image: Figure 1]FIGURE 1 | The impact of farm dams.
To better understand how hydrological processes respond to environmental changes, accurately recognizing the impact of farm dams on hydrological is essential. Hydrological models are generally used to simulate the rainfall-runoff process (Sivakumar and Berndtsson, 2010; Zainudin et al., 2012). Lumped hydrological models are widely used for the benefit of simple parameters and overall analysis of the hydrological process, although they relatively desalinate the internal differences of the basin. By measuring the storage and drainage volume of small dams, the modified flow curve could be obtained (Magilligan and Nislow, 2005). Remote sensing has been proven to be an effective tool because of its increased spatial and temporal resolution (Giri, 2012; Chen, 2018). In the past few decades, many land use product data, including Moderate Resolution Imaging Spectroradiometer (MODIS) and Advanced Very High Resolution (AVHRR), are the most widely used spatial data. However, due to the uncertainties of mixed types of land cover classification on highly dispersed areas (Zhong et al., 2016), there are some higher spatial resolution remote sensing data, e.g., Landsat TM/ETM+, and SPOT, which can clearly capture the spatial distribution of farm dams. With the development of GIS and RS, the distribution and volume of farm dams could be recognized. The distributed and semi-distributed models are widely used to reckon the effects of farm dams (Meigh, 1995; McMurray, 2006; Evrard et al., 2007; Callow and Smettem, 2009; Hughes and Mantel, 2010; Deitch et al., 2013; Ignatius and Jones, 2017). Furthermore, some researchers attached small dams to the big dam in the hydrological model to form interconnected reservoirs (Fleury et al., 2007; Fleury et al., 2009; Hughes and Mantel, 2010). However, the hydrological impacts of farm dams are different depending on their size and location, which exert varying pressures in the drainage network. If a farm dam gradually fills over time, it may no longer hinder surface runoff and even increase generation until it is drawn down again. The complexity of interactions between farm dams and river puts a damper on the combined spatial and temporal impacts of farm dams on the rainfall-runoff process (Srikanthan and Neil, 1989; Tollan, 2002).
Hydrodynamics opened a gate to better simulate the whole rainfall-runoff process at fine spatial and temporal scales in river networks (Andreadis et al., 2007; Biancamaria et al., 2009; Biancamaria et al., 2011; Durand et al., 2008; Neal et al., 2010; Neal et al., 2012). Considering inertia, pressure, gravity, friction, and momentum, it provides a detailed description of the dynamic flow movement and flood inundation areas in the drainage network. It provides a new method for simulating the hydrological process under the influence of farm dams. This model requires high-quality input data, especially topographic data (Tarekegn et al., 2010; Jarihani et al., 2015; Fernández et al., 2016). Hydrological and hydrodynamic models have their characteristics and complete each other in the details including rainfall transformation, tributary inflow. The influence of farm dams on flood wave motion could be considered by the hydrological–hydrodynamic coupled models. Advanced remote sensing technology can provide high-resolution data for the dynamic movement of water flow.
In order to make reasonable decisions in water resources management, an integrated understanding of how impacts of farm dams vary in time and space on the rainfall-runoff process is needed. The natural effects of farm dams, which influence peak discharge and peak appearance time of floods, are the direct effect of the network on the flood routing. Therefore, the motivation for this study is to apply a suitable tool to reckon the impact of farm dams on the rainfall-runoff process. The Xinlicheng Reservoir Basin with numerous farm dams is taken as the study area. The feasibility and effect of the coupled model were verified based on the probability of occurrence at a given time or exceeding a certain threshold against typical floods. The paper is structured as follows: The Methodology section presents the methodology, the Study area and data processing section depicts the study area and dataset, the Results section casts light on discussions, and the Discussion section gives out the conclusion.
2 METHODOLOGY
Ideally, a rainfall-runoff model is trying its best to fit the observed data, with parameters being calibrated jointly with the impact of farm dams. Except for magnitude, the timing, frequency, and distribution of flow are critical to simulate accurately.
2.1 Hydrological Model
Considering as a mature conceptual model, the three-source XAJ model is widely used in humid and semi-humid areas, which is good at simulating the rainfall-runoff process for a basin at a large scale (Zhao, 1992; Jayawardena and Zhou, 2000; Cheng et al., 2002; Li et al., 2009; Ju et al., 2009). The model has a total of 16 parameters and the input of the model is rainfall and evaporation. The soil structure is divided into three layers: loose layer, compact layer, and groundwater aquifer. The underlying surface of the basin is divided into permeable areas and impermeable areas. The runoff composed of surface runoff, interflow, and underground runoff in underlying surface is developed by the runoff yield under excess infiltration theory. The runoff is developed by the runoff yield under excess infiltration theory, and the runoff is composed of surface runoff, interflow, and underground runoff. The surface runoff is calculated by the unit hydrograph. The interflow and groundwater flow are routed by the linear reservoir method. The flowchart is presented in Figure 2. For more information about the XAJ model and the detailed equations used in the model, please refer to Zhao (1992).
[image: Figure 2]FIGURE 2 | Flow chart for the Xinanjiang model (XAJ) model (Zhao, 1992). Note: P, precipitation; EM, potential evaporation; S, free water storage; FR, area ratio with runoff generation; W, total soil moisture; WU, upper layer soil moisture; WL, lower layer soil moisture; WD, deeper layer soil moisture; EU, upper layer soil evaporation; EL, lower layer soil evaporation; ED, deeper layer soil evaporation; E, actual evaporation; WUM, the soil water storage capacity of upper layer; WLM, the soil water storage capacity of lower layer;, C, coefficient of deep evapotranspiration; SM, areal mean of the free water capacity of the surface soil layer; EX, exponent of the free water capacity curve; KSS, outflow coefficients of the free water storage to interflow; KG, outflow coefficients of the free water storage to groundwater; KKI, recession constant of the lower interflow storage; K, recession constant of groundwater storage; UH, unit hydrograph; KG, coefficient of groundwater runoff; R, runoff generation; RS, surface runoff; RSS, interflow runoff; RG, groundwater runoff; TRS, surface discharge; TRSS, interflow discharge; TRG, groundwater discharge; Q, basin discharge.
2.2 Hydrodynamic Model
The conservation form of the governing equation of the two-dimensional shallow water equations are as follows:
[image: image]
where [image: image] is the vector of conserved flow variables, f and g are the flux vectors in the x and y Cartesian directions, [image: image] is the time, and [image: image] is the source terms.
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where [image: image] is the gravitational acceleration; [image: image] is the water depth ([image: image] , where [image: image] is the water surface elevation and [image: image] is the bed elevation); [image: image] is the water density; [image: image] and [image: image] are the depth-averaged flow velocities in the [image: image] and [image: image] Cartesian directions; [image: image] is the river bottom elevation; [image: image], [image: image], and [image: image] are the source terms of bed slope, friction, and rainfall; [image: image] and [image: image] are the bottom friction in the [image: image] and [image: image] Cartesian directions; [image: image] and [image: image] are the bed friction stresses; [image: image] is the bed roughness coefficient ([image: image]); and n is the Manning’s coefficient.
For the implementation of the numerical scheme, the calculation results of velocity, direction, and water depth from the upstream grid are transmitted to the downstream adjacent grid by using a finite volume shock-capturing Godunov-type scheme incorporated with the HLLC approximate Riemann solver. At the same time, aiming at the problem that is difficult to get the calculation results quickly, the parallel algorithm is designed based on the high-performance computing technology of GPU in the CUDA development platform. So far, a coupled hydrological and hydrodynamic model can be established, which can seamlessly integrate the water from the upstream in the horizontal direction and the surface runoff falling vertically to simulate the surface process of a flood, compared with the observed runoff data to verify the effect of the coupled model.
2.3 Coupled -XAJ Model
Owing to the existence of multiply farm dams and other spatial projects, the original continuous process of surface runoff calculated by unit hydrography may appear large mutation or no response. Remote sensing could provide continuous observation with high temporal and spatial resolution in the whole basin. The coupled XAJ model adapts hydrodynamics with remote sensing data to replace the confluence part. The storage capacity curve is the core of the XAJ model. By using the XAJ model, the tension water storage capacity curve and the free water storage capacity curve can be obtained. In terms of the runoff yield of different land types, the above curves are discretized to obtain the surface runoff on different grids. The amount of water from the upstream, the vertical surface runoff from the hydrological model, and different remote sensing datasets including DEM, land use, and Manning coefficient are input into the hydrodynamic model.
By the conservation of mass and momentum, the calculation results of velocity, direction, and water depth from the upstream grid are transmitted to the downstream adjacent grid, so as to obtain the dynamic process. The relationship between incoming and outgoing water in the farm dams of the whole basin is mainly dependent on its drainage area and the actual water surface so that the hydro-hydrodynamic model can solve the problem brought by farm dams. The output surface runoff of the hydrodynamic model, with the interflow and groundwater flow of the XAJ model, constructed the total runoff (Figure 3), which is compared with the observed runoff data to verify the effect of the coupled model.
[image: Figure 3]FIGURE 3 | Flow chart of the coupled XAJ. Note: W, tension water storage capacity curve; S, free water storage capacity curve; W1, tension water storage capacity curve of farmland; W1, tension water storage capacity curve of farmland; W2, tension water storage capacity curve of forest land; W3, tension water storage capacity curve of grassland; W4, tension water storage capacity curve of water body; W5, tension water storage capacity curve of urban area; W6, tension water storage capacity curve of unused land; S1, free water storage capacity curve of farmland; S2, free water storage capacity curve of forest land; S3, free water storage capacity curve of grassland; S4, free water storage capacity curve of water body; S5, free water storage capacity curve of urban area; S6, free water storage capacity curve of unused land; A1, the area of farmland; A2, the area of forest land; A3, the area of grassland; A4, the area of water body; A5, the area of urban area; A6, the area of unused land.
3 STUDY AREA AND DATA PROCESSING
3.1 Study Area and Human Activities
The Xinlicheng Reservoir Basin (XLCRB) is located in the southeast of Changchun City, Jilin Province (43° 3′–43° 44′N, 125° 0'–125° 37′E) (Figure 4). Its economy is dominated by agriculture, including rainfed and some irrigated agriculture. The demand for water use, needed for irrigation, human and animal use, is mainly from precipitation. Lying in the semi-arid and semi-humid monsoon climate area, it has a high variable rainfall distribution in time and space. The rainy season is from June to October, accounting for more than 75% of the annual rainfall in total. In order to make full use of water resources during the rainy season and prevent water scarcity in the dry season, Xinlicheng Reservoir is constructed by intercepting Yitong River from Yinma River tributary of Songhua River, ensuring the production and domestic water use for Changchun City.
[image: Figure 4]FIGURE 4 | Location of the Xinlicheng Reservoir Basin (XLCRB).
In the past few decades, the runoff in XLCRB has a statistically significant downward trend (except 2013). This may be due to urbanization, increasing agricultural activity, and drought events. Farmland is the major land use form, accounting for around 60% of the area. It was found by field investigation, that farmers built lots of private farm dams in proximity to places of demand beyond government regulation, which gathered surface runoff during the rainy season to ensure water consumption. They are scattered throughout the basin. Among them, the smallest ones are full at the end of the rainy season and dry out before the end of the dry season. Although they are important for water use guarantee, it resulted in a complex and dense farm dams network for their open morphology, which was extremely difficult to manage. Therefore, it is critical to know the antecedent conditions of runoff, particularly in basins with multiple smaller on-farm dams. It will be beneficial to have efficient, small, and medium-scale flood resources management, to alleviate the conflict problem of rural water use.
3.2 Dataset
To simulate the hydrological process in the XLCRB, we need data as described below:
1) Regional map, with river network and reservoirs.
2) Hydrological data: Precipitation, potential evapotranspiration, and runoff (2006–2015) from the local administration. The data were first interpolated to grids using an angular distance weighting method since the local administration are sparse and unevenly distributed in the study area.
3) Remote sensing data: digital elevation model (DEM), land use type, and so forth.
4) In addition, Manning coefficient representing surface roughness is needed.
The DEM data were obtained from the SRTM 30 m × 30 m Digital Elevation Data.
The land use types were extracted with Landsat 8 OLI_TIRS, which was provided by the Geospatial Data Cloud site (http://www.gscloud.cn). We chose the images from 2006 to 2015 and classified the land use type by supervised method for simulation. In order to reflect the local land use change more clearly, the land use image of 2006, 2008, 2012, and 2015 were chosen to display. We chose the images of the years 2006, 2008, 2012, and 2015, and classified the land use type by the supervised method. The land use categories of XLCRB were classified into six kinds based on ground survey and land cover maps, including farmland, forest land, grassland, water, urban land, and unused land.
Surface roughness is an important index to reflect the surface condition that delays the surface runoff, which is affected by many factors such as section geometry, land-cover type, the material composition of the riverbed, terrain change, time, and so on. Surface roughness is mainly based on the land use type. Different land use types have different roughness values. The Manning coefficient adopted by the experiment of Chen (2017) is used to reflect the surface roughness in this paper (Table 1).
5) Reservoir information. There is only one large reservoir in the study area, the Xinlicheng Reservoir. The reservoir information included the reservoir name, year of completion, controlled basin area, reservoir capacity, and reservoir function.
TABLE 1 | Manning coefficient.
[image: Table 1]3.3 Evaluation Criteria
Several objective indicators were used to measure the results of the model: The Nash–Sutcliffe Efficiency Coefficient (NS) (Nash and Sutcliffe, 1970), Relative Error of Flood Discharge (REFD), and Difference of Peak Appearance Time (DPAT) are used to evaluate the model. When the value of REFD is between (−0.2, 0.2), it is qualified; when the value of [image: image] is over 0.5, it is considered good, and in the interval (0.36, 0.75), it can be acceptable (Motovilov and Kolganova, 1999).
The comparison criterion of Nash is defined by the following formula
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where [image: image] is the observed discharge (m3/s), [image: image] is the calculated discharge (m3/s), and [image: image] is the mean of observed discharge (m3/s);
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where [image: image] is the calculated flood peak appearance time, and [image: image] is the observed flood peak appearance time.
3.4 Model Setup in the XLCRB
3.4.1 Hydrological Model
There are relatively complete meteorological data for 10 years (from 2006 to 2015) of the basin, and they were used for simulation. The average precipitation of the study area was 432 mm/year during the period. The XAJ model input parameters were derived via actual observed rainfall and streamflow data. The data for the first 2 years were used for preheating, the next 3 years for calibrating, and the rest of the years for verification. The results of the parameter calibration are presented in Table 2.
TABLE 2 | The parameters of XAJ model.
[image: Table 2]Based on the existing rainfall, evaporation, and runoff data of the basin, the water storage capacity curve of the basin was obtained through parameter calibration. The water storage capacity curve was discretized for various characteristics of land-use runoff generation. The water storage capacity value on each grid was calculated to obtain the runoff yield and surface runoff of each grid in each period.
The parameters of hydrological process have spatial heterogeneity. Different underlying surface conditions (vegetation cover, land use, topography, and soil) have various parameters that are different. In order to obtain accurate model parameters, a large number of observation points must be arranged for further observation. However, the existing measurement methods at a watershed scale are not realistic.
3.4.2 Hydrodynamic Model
Hydrodynamic model is an event-based model, which is not continuous. In order to avoid the interference of artificial setting soil moisture and groundwater runoff on the calibration results, the data of daily model are used to set the soil moisture and groundwater runoff of the hourly model. During model setup, meteorological, topographic, land use, and soil data are integrated to run the hydrodynamic model. A total of 4,765,772 cells of 30 m × 30 m resolution are used to solve the shallow water equations to simulate the flooding process.
4 RESULTS
4.1 Land Use Change
The increase or decrease in land use type is the most intuitive reflection of land use change. By analyzing various types of area change, we can understand the overall trend of regional land use. According to the interpretation results, the area of different land use types in XLCRB is counted, and the results are shown in Table 3 and Figure 5. It can be seen that farmland and forest land are the main land use types, accounting for more than 89% of the basin area. Among them, farmland is the main land use type, accounting for 59.46%, followed by forest land, which is concentrated in the southeast, with high vegetation coverage. The area of water and urban land showed a more or less similar proportion, and the area of unused land is the smallest.
TABLE 3 | Area statistics of different land types in different periods.
[image: Table 3][image: F5]FIGURE 5 | The distribution and conversion of land use in 2006, 2008, 2012, and 2015.
During these 9 years, the area of farmland decreased from 119,473.29 to 117,333.09 km2. Although the total values changed a little, the inflow and outflow changed greatly. The urban land in the basin generally showed an increasing trend, and it increased significantly faster than other land types, which showed high consistency. The increased construction land was mainly transformed from farmland. At the same time, in order to ensure the “eight hundred million hectares of the arable land red line” and make up for the loss of farmland, the government reclaimed farmland in mountainous areas or unused land to achieve the cultivated land balance.
4.2 Modeling Results
4.2.1 Daily Results
By comparing the simulated and observed discharge at the catchment outlet from 2006 to 2015, the results are evaluated by charts (Figure 6) and statistics (Table 4). By satisfactory performance in visual and statistical comparisons, the calibration process was passed. During the validation, the model was processed with a defined value of calibration parameters. The fitting effect is not good on account of the incompleteness of the data in some years. The value of REFD in other years is controlled within 20%, and the value of NS is more than 0.5. It can be seen that the observed flow hydrograph is in agreement with the simulated flow hydrograph. The mean value of the NS coefficient from 2006 to 2015 is about 0.6, and the mean value of relative error is about 0.123.
[image: Figure 6]FIGURE 6 | The results of the daily model for the XAJ model from 2006 to 2015.
TABLE 4 | The simulation of daily model for the XAJ model.
[image: Table 4]4.2.2 Hourly Results
The results of the XAJ model are presented to better verify the effect of the coupled XAJ (Table 5) (Figure 7).
TABLE 5 | The simulation of hourly model for the XAJ model and the coupled model.
[image: Table 5][image: Figure 7]FIGURE 7 | Results of the flood hydrograph.
Based on the results, for peak discharge, most peak discharges simulated by the XAJ model is larger than the observed since the retaining effect of the farm dams is not considered. Meanwhile, the peak appearance time is delayed. Among them, the simulated peak discharge of No. 20090719 is much smaller. The probable reason is that farm dams are filled with the previous flood leading to expansion of runoff area.
The developed Coupled-XAJ model shows great performance in these five typical flood events. For peak discharge and DPAT, the coupled XAJ model plays better, which is also the fundamental purpose of adding the hydrodynamic model. Hydrodynamics capture the underlying characteristics of the basins and solve the problem of nonlinearity in the confluence process. The value of NS efficiency indicates that the model could reproduce 81%–92% of the variability observed in the hydrographs as all observed flows are closely matched by the model predictions. The flood hydrographs closed to the actual situation verify that the coupled XAJ model plays an active role in simulating the effect of farm dams on flood peak.
The large number and uneven distribution of farm dams play an important role in the timing, magnitude, and frequency of flow, and affect the spatial range of flow variation. With the application of hydrodynamic model, the water depth and flow velocity in each grid and each time point of flood routing can be obtained to help comprehend the spatial distribution of flood variation under the influence of farm dams. Large floods may destroy insecure farm dams and cause cumulative effects. The special information including the maximum submergence depth, the maximum velocity, and the arrival time of the maximum submergence depth make us better estimate the flood risk and provide reliable technical support for flood forecasting.
5 DISCUSSION
5.1 Farm Dam
Farm dam is an appropriate tool to utilize small-scale and relatively frequent floods for drought and flood mitigation. Although it reaches a wide population and facilitates its water demands, in turn, it has effects on the hydrological process.
To answer questions from a hydrologic point of view and have effective water resource management, it is necessary to quantify the spatial distribution of farm dams. The large uncertainty in farm dam development time and size on account of privacy nature is a constraint (Dare et al., 2002; Shao et al., 2012). In order to obtain information about the location and quantity of farm dams, many surveys were carried out. Many scholars used the surface area to monitor the storage capacity of small farm dams by empirical formula (Nathan et al., 2005b). With the development of GIS and RS, the National River Health Programme (2002) adapted the topographic map, and later, some scholars used the digital topographic information to count the number and extent of small farm dams (Nathan et al., 2005a; Lett et al., 2009; Martinez et al., 2010).
The Xinlicheng reservoir and the generous farm dams form open water, accounting for 4.4% of the land surface. Farm dams and water bodies were extracted from high-resolution digital elevation models. A typical rainy season when the farm dams were expected to be full is chosen, so the maximum surface areas of the farm dams could be captured. It is difficult to explain the full capacity when most farm dams were half full or less full. Maximum likelihood classification (Mather, 1999) was used to extract farm dams, and the 3D analyst module of ArcGIS is used to calculate the volume of the farm dams. The commonly used method called trigonometric grid is adopted to divide the water body into triangular prisms in terms of the actual shape of the waterbody. The volume of the whole pond is obtained by summing the volume of each prism. The mathematical model is as follows:
[image: image]
where V is the volume of the pond, [image: image] is the area of a single triangular, H is the elevation of the specified water level, [image: image] is the elevation of the triangular grid, and [image: image] is the number of triangular grids.
The classification obtained a total of 72 farm dams with a total volume of more than 6 × 108 m3. Given the 30-m resolution of the Landsat imagery, some farm dams were deleted from the dataset because the likelihood of incorrectly identifying very small features is high. Some certain reservoirs controlled by the government were also discarded. The spatial distribution of farm dams is shown in Figure 8. Though the spatial distribution of farm dams is related to valley shape, topographic premises, and other factors, most farm dams are located in proximity to places of demand with agricultural land uses. The huge amount and uneven distribution further prove that farm dams play an important role in this area. The mapping of farm dams would help to better understand the water balance and simulate the rainfall-runoff process, thus, providing reasonable advice for effective water management planning.
[image: Figure 8]FIGURE 8 | The distribution of farm dams in XLCRB.
5.2 Feasibility of Integrated Simulation
As a largely agricultural country, the small-scale farm dams in rural areas in China are widely developed. Most of them are Earth dams with a clay core. Due to the private nature and the inequity of water storage, droughts and floods may be more serious. Insecurity farm dams, especially privately-owned farm dams, may lead to cumulative failure during large floods (Lewis and Harrison, 2002; Bocchiola and Rosso, 2014), and overtopping is the major form of dam failure (Foster et al., 2011). Even small floods would cause cumulative results (Pisaniello, 2009), which is not usually considered in the typical flood study with regard to related flood damage. In China, the Shimantan and Banquia dams failed in 1975 due to the cumulative failure of 60 small upstream dams, resulting in 230,000 deaths (Si and Quing, 1998). It affects the dynamic balance of the water cycle and increases the frequency and intensity of floods. Thus, it can be seen that flood events caused by farm dams are also worthy of attention.
In recent years, with the rise of remote sensing technology, more detailed topographic data and river section data make the hydrodynamic model more applied in analyzing and evaluating flood risk. The necessary input of flow data is provided by the hydrological model. Therefore, the coupled hydro-hydrodynamic model has been gradually applied to basins with different scales at home and abroad (Table 6). The development and application of the coupled models also prove a possibility of practical application. There are different ways to realize the coupling of hydrology and hydrodynamics, including external coupling or loose coupling, internal coupling, and full coupling.
TABLE 6 | Research on the coupled hydro-hydrodynamic model.
[image: Table 6]The coupled XAJ uses external coupling mode, which takes the output of one model as the input of another model, which is usually regarded as the simplest and most effective coupling mode. It does not need to modify the model code and maintain the independence and integrity of the model components, meaning that hydrodynamic effects would not affect the hydrological model. The XAJ model is proven to simulate the whole rainfall-runoff process, and the hydrodynamic model has high-speed calculation. Thus, the coupled model provides a new method to weigh the complex influence of farm dams on the hydrological process of the basin and utilize water resources in farm dam-dominated areas better.
The hydro-hydrodynamic model can be used in many other aspects. The data used in the coupled model can be obtained through measurement or remote sensing data. If the basin does not have a large number of measured flows for calibration, it can still be modeled through these physically meaningful data to calculate the runoff yield, so as to simulate the confluence process. Therefore, the approach is also applicable to other ungauged basins; this is what we will further study and verify. The quantitative relationship between land-use change factors and surface runoff can be established to provide quantitative spatial and temporal analysis for the disturbance of land-use activities on the hydrological process. It can provide technical support and a theoretical basis for the comprehensive formulation of land-use planning and flood control planning.
5.3 Limitations
The uncertainty arises from many aspects. The losses of farm dams (draft, seepage, and evaporation) are normally considered to be small, which are neglected. Other factors may influence flow variation, such as urban expansion and climate change. More importantly, due to the high degree of complexity in the interaction between farm dams and runoff, the scale of the simulated flood is relatively small, which could not tell the whole story. For larger events, it is easy to exceed the capacity of the dam, and the final impact of the dam on large-scale flood discharge may be relatively small. However, in most rainfall events of a year, they obviously have a significant impact on flow prediction. With the aggregation of farm dams in a basin, how this affects relationships between runoff, storage, spillage, and evaporation losses, and how this change in land use, surface hydrology, and atmospheric feedback, all need to be evaluated more closely. From Figure 7, we can see that the accuracy of the confluence part needs to be improved. After analysis, most of these rainfall processes occur in June and July, which is the growing season of crops. From Figure 6 and Table 4, we can also see that there is a certain simulation error in the confluence. It may be that artificial water storage is used for crop growth, resulting in interference in the confluence process and some errors.
6 CONCLUSION
With the increasing demand for water resources, spatially distributed projects like farm dams have been constructed around the world. The large number and uneven distribution of farm dams have a non-ignorable impact on the timing, magnitude, and frequency of flow variation. Under the impacts of growing anthropogenic activities and substantial environmental changes, how to manage water resources in a sustainable way is a crucial problem. However, accurate estimation of the rainfall-runoff process is still facing great challenges as a result of the unknown information about farm dams. In this study, hydro-hydrodynamics provides a method for this situation. In the portion of XLCRB, five real precipitation events were used to evaluate, which cast light on the coupled XAJ, which considered that the impacts of farm dams provided the improvement in the accuracy of peak discharge and peak appearance time compared with the XAJ model, which showed that the model can provide important technical support for flood control prediction and disaster assessment of the basin.
The hydro-hydrodynamics model not only explains “whether there is an overall impact” and “how is the overall impact” on the whole process but also states “where has an impact” and “how the degree of impact.” Its development is of great significance for quantifying the changes in hydrological processes under the influence of human activities, and it could enable future scenarios to be simulated from input data. The approach has been designed to be applicable to any catchment, whether gauged or ungauged.
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