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Abstract

:

The rich biodiversity in the floodplain area is influenced by both floodplain floods and groundwater (GW). To protect the ecological environment in the floodplain area, it is essential to study the interaction between floodplain floods and GW. The objective of this paper is to propose a coupling strategy between a hydrodynamic model and a GW model to provide an accurate simulation tool for quantifying the interaction between floodplain floods and GW. The case study is conducted in the floodplain area of the middle reaches of the Irtysh River in northwest China. Firstly, a two-dimensional hydrodynamic model based on TELEMAC-2D is constructed to accurately simulate floodplain floods under wetting and drying conditions. Secondly, a GW model based on MODFLOW is developed. Finally, a coupling strategy is proposed to achieve accurate and efficient integration between the hydrodynamic model and the GW model. The calibration and verification results of the model demonstrate high accuracy, with root mean squared error (RMSE) values of 0.51 m and 0.77 m between observed and calculated GW levels for the hydrodynamic–GW coupled model. The water balance results indicate that floodplain floods serve as the largest GW recharge source in the study area, while phreatic evaporation is the primary GW discharge item. This paper represents a novel attempt to couple a two-dimensional hydrodynamic model with a GW model. The research results provide a scientific tool for the ecological restoration of floodplain areas considering both surface water and GW, as well as the comprehensive management and regulation of wetland water resources and the water environment.
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1. Introduction


The floodplain is a low-lying area susceptible to inundation from lateral river overflow [1,2,3]. Floodplain floods, which occur regularly in these areas, play a vital role in replenishing groundwater (GW) through infiltration and maintaining it at an optimal level to facilitate vegetation growth. The interplay between vegetation and floodplain floods collectively shapes the floodplain habitat, thereby driving the formation and evolution of the ecosystem [4,5,6,7,8]. Consequently, maintaining the stability of the floodplain ecosystem hinges on understanding the interaction between floodplain floods and GW.



In recent years, climate change and human activities (such as dam construction) have significantly altered the natural characteristics of floodplain floods, leading to the degradation of floodplain ecosystems in irreversible ways [9,10,11,12]. Current research on ecological restoration in floodplain areas primarily focuses on enhancing the hydraulic connectivity of surface water (SW) through floodplain floods [13,14,15,16,17,18,19]. However, it is imperative to adopt a comprehensive water resource management perspective and prioritize an in-depth exploration of the transformation relationship between floodplain floods and GW. Developing an effective methodology for quantifying this relationship is thus a pressing need.



Currently, the primary approaches for investigating the interplay between SW and GW in wetlands involve direct measurements [20,21,22] and indirect methods [23,24,25]. However, these methods often require specific site-based studies, making it challenging to capture the high spatiotemporal variability inherent in floodplain floods and provide a detailed understanding of the interaction between floodplain floods and GW. Numerical simulation methods offer a quantitative means to calculate the exchange between SW and GW. The simplest approach involves using separate numerical models for GW [26,27,28]; however, this method often oversimplifies SW dynamics by treating it as a discrete node or employing fixed river boundaries, thereby neglecting the significant influence of key SW processes (such as floodplain flooding) on GW. In contrast, coupling models that integrate SW and GW offer enhanced flexibility and serve as an effective solution to address these limitations.



Various types of coupling models exist for integrating SW and GW. Based on the coupling method, they can be classified into completely coupled and loosely coupled approaches. Completely coupled approaches involve solving SW and GW equations simultaneously, while loosely coupled approaches exchange model results [29]. Completely coupled approaches are computationally demanding and are not advantageous for regional-scale applications due to limited input data [30,31,32]. On the other hand, loosely coupled approaches offer greater flexibility [33] and are applicable over a wider range. Another classification method is based on model selection, which can be broadly categorized as GW models coupled to SW hydrology models (such as SWAT-MODFLOW [33,34,35,36,37], MODFLOW-OWHM [38], GSFLOW [39,40,41], MIKESHE [42,43], HydroGeoSphere [44], WetSpass-M-MODFLOW [45]), and GW models coupled to SW hydrodynamic models (such as FEFLOW-MIKE11 [46], MODHMS [47]). Currently, GW-SW hydrology models, particularly the SWAT-MODFLOW coupled model, are the most commonly employed tools for studying the relationship between SW and GW [48]. However, GW-SW hydrology models primarily focus on describing the impact of rainfall-runoff processes on GW and do not simulate the detailed movement of SW flow. While existing GW-SW hydrodynamic models can simulate SW flow, most of the hydrodynamic models used for model coupling are one-dimensional and only capture linear water flow movement. Consequently, existing GW-SW hydrodynamic models face challenges in quantifying the interaction between floodplain floods and GW.



Coupling a 2D hydrodynamic model with a GW model represents the most promising approach to achieve the desired outcome. However, building such a coupled model faces two primary challenges. The first challenge lies in selecting an appropriate 2D hydrodynamic model capable of accurately capturing the periodic or seasonal wetting and drying characteristic of floodplain floods. However, this hydrological process is essential but challenging for most hydrodynamic models to capture [49]. The second challenge pertains to the coupling process between the hydrodynamic model and the GW model. The discrepancy in simulation efficiency between the two models presents a hindrance to model coupling. Hydrodynamic models typically require several days or even longer to complete the simulation, whereas GW models usually only require a few minutes. This disparity further complicates the implementation of model coupling. Additionally, the fine time step required for the hydrodynamic model, often in seconds, poses challenges for real-time coupling with the GW flow model, which typically have much larger time step durations.



The objective of this study was to propose a coupling method between a hydrodynamic model and a GW model to quantitatively assess the interaction between floodplain floods and GW in floodplain areas. In this study, a two-dimensional hydrodynamic model based on TELEMAC-2D was constructed to simulate floodplain floods. Subsequently, a GW model using MODFLOW was developed. The two models were coupled using a loosely coupled approach, and the accuracy of the coupled model was verified. The findings of this research provide an effective tool for understanding the response mechanism of GW to changes in floodplain floods in floodplain areas. In addition, the outcomes of this research will offer a scientific foundation for the comprehensive management and regulation of water resources and the water environment in wetlands.




2. Site Description


The Irtysh River basin is situated in northwest China and spans an area of approximately 52,500 km2. The Piedmont plain in this basin is characterized by low precipitation levels, averaging less than 200 mm/year, and high evaporation rates, exceeding 1200 mm/year, making it a typical arid region. The focus of this paper is the floodplain area located in the middle reaches of the Irtysh River within the piedmont plain. The floodplain area has a width ranging from 10 to 12 km. The elevation of the floodplain area gradually decreases from east to west along the river, while it remains relatively constant along the perpendicular direction to the river. The elevation is approximately 600 m in the east and around 460 m in the west. Based on the temperature data obtained from the Burqin and Aletai hydrometric station, the study area exhibits a yearly average temperature of 4.7 °C, with a mean July temperature of 22.6 °C. The location of the Irtysh River basin is depicted in Figure 1.



The study area is characterized by meandering rivers with slow water flow. During the months of May to June, the river runoff increases due to high mountain snowmelt in the source area, leading to over bankfull discharge and subsequent floodplain floods. These floods can cause large-scale inundation that can persist for a month or even longer. This unique hydrological phenomenon sets the study area apart from the adjacent desert plain, creating a distinct ecosystem. The study area exhibits a rich variety of vegetation types, including dominant tree species such as Populus Euphratica, as well as shrub species dominated by Tamarix chinensis and Salix alba. Together, they form the riparian forests primarily reliant on GW as their hydrological source, playing a crucial role in maintaining the ecological stability of the study area. However, due to the implementation of various water management projects driven by economic and social development, the natural hydrology of the river has been significantly altered, resulting in changes to the characteristics of floodplain floods. The GW depth in the study area is relatively shallow, with most areas being around 2 m and some local areas reaching nearly 4 m. Since floodplain floods serve as a significant recharge source for GW, any changes in it could potentially have a considerable impact on GW levels. Hence, there is an urgent need to establish a reliable approach for assessing the relationship between SW and GW to quantify the impact of altered SW on GW that sustains the riparian forests.




3. Method


3.1. Hydrodynamic Model


3.1.1. Description of TELEMAC-2D Model


The TELEMAC-MASCARET model has been developed by the French National Hydraulics and Environment Laboratory, and it can offer one-dimensional, two-dimensional, and three-dimensional hydraulic modeling for rivers, estuaries, and coasts. TELEMAC-2D, a component of the TELEMAC-MASCARET model, specifically focuses on two-dimensional hydrodynamics. It is designed to simulate water flow with a free water surface, where the width of the water surface is significantly larger than the water depth. The model employs the finite element method to solve the non-conservative form of the shallow water equation (Equations (1)–(3)) [50].


    ∂ h   ∂ t   +   ∂   h u     ∂ x   +   ∂   h v     ∂ y   = 0  



(1)






    ∂ u   ∂ t   + u   ∂ u   ∂ x   + v   ∂ u   ∂ y   = − g   ∂ Z   ∂ x   +   F   x   +   1   h   d i v   h   v   e   ∇ u    



(2)






    ∂ v   ∂ t   + u   ∂ v   ∂ x   + v   ∂ v   ∂ y   = − g   ∂ Z   ∂ y   +   F   y   +   1   h   d i v   h   v   e   ∇ v    



(3)




where h is the water depth;   u  ,   v   are the flow velocities in x, y directions, respectively;   g   is the acceleration of gravity;   Z   is the water level;   d i v   is the divergence operator;     v   e     is the effective viscosity coefficient;   ∇   is the gradient operator;     F   x    ,     F   y     are the source terms of the equation. The specific solution method of the model can be found in the reference [51]. In this paper, the V7P2 version of TELEMACE-2D is used for simulation, and unstructured grid cell is used to subdivide the domain.




3.1.2. The Establishment of Hydrodynamic Model


To construct the 2D hydrodynamic model, several steps are needed, including determining the simulation scope, dividing the grid cell, preparing the terrain file, and setting boundary conditions. This preparation requires sufficient data, such as geological data, hydrological, meteorological data, and remote sensing image data; data used for this model are listed in Table 1. The simulation area of the model is determined using geological and remote sensing data, and it is divided into unstructured triangular grid cells, with higher grid cell density in the river channel. The model covers an area of approximately 1039 km2, consisting of 580,000 triangular grid cells and over 290,000 nodes. The terrain file is generated by assigning measured elevation point data, DEM data, measured elevation data of channel sections, and remote sensing data to each grid cell. The model includes four boundary conditions, including two inflow boundaries and two outflow boundaries. Figure 2 illustrates the simulation area, grid cell division, and boundary conditions of 2D hydrodynamic model.



The model input comprises terrain conditions, boundary conditions, and the number of parallel processes, which are specified using keywords and written into the model control file (“.cas” file). The time step and Manning’s roughness coefficient of the hydrodynamic model plays a crucial role in determining the simulation accuracy, and their values can be determined during the model calibration phase by trial and error. A comprehensive description of the model establishment, calibration, validation, and application of TELEMAC-2D in the study area can be found in reference [52].





3.2. GW Model


3.2.1. Description of MODFLOW Model


MODFLOW is a software developed by the United States Geological Survey (USGS). The version used in this paper is MODFLOW-2005, which has the ability of simulating three-dimensional GW flow and solute transport. The software operates based on the fundamental principle of using integrated finite differences to calculate the hydraulic head within the central grid (Equation (4)).


    ∂   ∂ x       K   x x     ∂ h   ∂ x     +   ∂   ∂ y       K   y y     ∂ h   ∂ y     +   ∂   ∂ z       K   z z     ∂ h   ∂ z     + W = S   ∂ h   ∂ t    



(4)




where x, y, z are the coordinate axes; K is the hydraulic conductivity along the axis; h is the hydraulic head; W is the unit volume flow; S is the storage capacity or specific yield of the aquifer; t is time.



MODFLOW adopts a modular structure consisting of various main programs and subroutines. The subroutines utilized include RCH for defining areal recharge, which encompasses factors such as rainfall, irrigation, and floodplain floods. The RIV subroutine is used for defining river boundaries and simulating the interaction between rivers and GW in terms of recharge and discharge. The WELL subroutine is employed for simulating lateral recharge and facilitating model calibration. Additionally, the EVT subroutine is utilized for simulating evaporation processes.



Users have the flexibility to define the research area based on their specific needs within MODFLOW. They can select the desired mesh size and perform local refinement to enhance simulation accuracy. The software allows for the specification of boundary types at the model boundaries and assigning corresponding values. Time discretization in MODFLOW is achieved by setting stress periods, which can be flexibly defined to include different time intervals. These features and advantages make MODFLOW a widely utilized tool for the numerical simulation of GW.




3.2.2. The Establishment of GW Model


In order to construct a GW model, it is necessary to gather topographic hydrogeological data, GW level observation data, and irrigation data; data used for the GW model are listed in Table 2. These data play a crucial role in the establishment of the GW model. The process of model construction involves several key steps.



	(1)

	
The simulation range and model boundary conditions should be determined. In this study, the focus is on the floodplain area in the middle reaches of the Irtysh River, covering approximately 1104 km2. The lateral boundary conditions, which consider terrain, geology, and flow field data, encompass inflow boundaries, outflow boundaries, and zero flow (or water separation) boundaries, as shown in Figure 3a. Reasons for this determination are as follows: The BC section and the EF section are considered as lateral inflow sections of GW, and thus generalized as inflow boundaries. The ED section, perpendicular to the GW contour, is treated as an impermeable boundary due to the absence of water exchange. The CD section, with the presence of a mountain named the Small Bashaan Mountain on the eastern side, creating a distinct flow field, is treated as an impermeable boundary. The FG section is influenced by topography and the southern irrigation area, making it a lateral inflow boundary. The south of the HG section is a desert area, and the terrain is relatively flat, resulting in minimal water exchange, and therefore HG is generalized as a zero-flow boundary. The AH section is where GW exits, and is hence generalized as an outflow boundary. Finally, the AB section, influenced by the northern irrigation area, is treated as a lateral inflow boundary. The vertical boundary conditions consist of ground at the top and an impervious layer at the bottom.




	(2)

	
The GW aquifer and source and sink terms should be correctly generalized. Based on the available hydrogeological data, the study area’s aquifers are characterized as homogeneous, isotropic single-layer unconfined aquifer. Considering the specific conditions, the GW model incorporates various recharge components, including floodplain flood GW recharge (FFGR), river channel seepage, canal system seepage, field irrigation infiltration, and lateral recharge. The method of obtaining FFGR will be discussed in the next section. River channel seepage is automatically calculated using the RIV package. Canal system seepage and field irrigation infiltration are calculated based on irrigation and canal data. Lateral recharge is computed using Darcy’s law formula, where hydraulic gradients are derived from GW contours. The main discharge components are represented by evapotranspiration, river channel discharge, and lateral GW discharge. Evaporation data are calculated by multiplying the evaporation coefficient (it has a value of 0.85 in this study) with the large water surface evaporation data from the meteorological station, and river channel discharge and lateral GW discharge are obtained using the same methods described above.




	(3)

	
The model should be discretized in time and space.







The top elevation of the grid is determined by interpolating the measured elevation points, while the bottom elevation is obtained through interpolation of the aquifer bottom elevation from the hydrogeological profiles. The model is designed with a single layer. On the horizontal plane, a regular grid is created with 100 rows and 100 columns. The grid dimensions are 1125 m in length and 491 m in width, resulting in a total of 2012 effective grids.



In the study area, the annual floodplain floods predominantly occur in June, leading to significant changes in GW levels. To capture these dynamics accurately, June is divided into three stress periods, each consisting of 10 days. The remaining 11 months are divided into 11 stress periods, resulting in a total of 14 stress periods.



	(4)

	
The parameters should be determined.







We collected detailed geological survey reports for the study area, which provide comprehensive information about soil properties, hydraulic conductivity, and storage capacity. The topsoil in the study area typically covers a depth of 1 to 2 m and consists of silty clay, fine sand, organic soil, and clayey sand. The underlying layers usually consist of medium sand, medium-fine sand, and clayey sand. The lowest layer is an impermeable bedrock. Based on the actual conditions and parameter values, we divided the model’s parameters into four regions. The hydraulic conductivity and storage capacity values of each region can be established during the model calibration stage. The parameter partition results are illustrated in Figure 3b.





3.3. Hydrodynamic–GW Model Coupling Strategy


The primary objective of the coupling strategy is to enhance the accuracy of the GW model by incorporating the spatiotemporal variations of floodplain floods and their impacts on GW. To achieve this objective, this study adopts FFGR as the connecting factor between the hydrodynamic model and the GW model. Specifically, the simulation results from the TELEMAC-2D SW model are used to determine the FFGR, which is then integrated into the corresponding boundary conditions of the GW model as input. The coupling principle of the model is illustrated in Figure 4.



The determination of FFGR and its integration into the GW model are critical for achieving the coupling strategy. This study employs both temporal and spatial coupling methods to address these challenges.



3.3.1. Temporal Coupling


Time coupling involves obtaining the inundation duration and area from the hydrodynamic model simulation, determining the FFGR, converting it to daily data, and finally realizing the time step unification between the hydrodynamic and GW models. The specific steps of time coupling are as follows:




	(1)

	
Generalization of the formula for FFGR:









Through the analysis and simplification of the infiltration process, the calculation formula for calculating FFGW based on the flood inundation duration, inundation area, and infiltration rate is constructed:


    W   R e c h a r g e G   = f ( t ,   f   c   ( t ) , S   t   )  



(5)




where     W   R e c h a r g e G     is the FFGR during the entire flood process;  t  is time;     f   c   ( t )   is the time-varying infiltration rate;   S   t     is the time-varying floodplain flood inundation area.



For this study area, due to the insufficient data from field infiltration experiments, the FFGR during the entire flood process can be simplified by considering a stable infiltration rate, which means that as long as there is floodwater on the ground, the SW will recharge the GW at a constant infiltration rate until the floodwater dissipates. The premise of this simplification is based on the research area being an arid region with an excess of seepage runoff, and that floods have a prolonged infiltration duration, usually lasting more than 7 days. In this condition, the flood duration is considered to be five times the time required for the infiltration rate to stabilize (which is usually less than 36 h for medium or fine sand [53]). Thus, the error caused by substituting a stable infiltration rate for a changing infiltration rate (of short duration) can be neglected compared to the total FFGR. The calculation for FFGR is given by


    W   R e c h a r g e G   =   f   c     ∫    t   0       t   1      S   t     d t  



(6)




where     f   c     is the stable infiltration rate; t0, t1 are the start time and end time of flood infiltration respectively. All the values of the above variables are greater than 0.



	(2)

	
Extraction of hydrodynamic model results:







Equation (2) highlights that the determination of FFGR relies on the flood duration and the inundation area. These values are obtained from the simulation results of TELEMAC-2D. The total number of flood days (    K   m a x    ) can be directly extracted from the simulation output.



In accordance with the information provided in Section 3.1.2, the hydrodynamic model utilized in this study consists of a substantial number of triangular grid cells, with each grid cell composed of three nodes. The simulation result file of the hydrodynamic model contains crucial details including node coordinates, the topological relationship between nodes and grid cells, as well as information pertaining to water depth, flow velocity, and water surface elevation for each node. To determine the inundation state of a triangular grid cell, it is considered to be inundated if the water depth at any of its vertex coordinates is greater than zero. Heron’s formulas are employed for calculating the area of a particular triangular grid cell in an inundated state as follows:


          s   i   ( t ) =    p   i   ( t ) (   p   i   −   a   i   ( t ) ) (   p   i   ( t ) −   b   i   ( t ) ) (   p   i   −   c   i   ( t ) )          p   i   ( t ) = (   a   i   ( t ) +   b   i   ( t ) +   c   i   ( t ) ) / 2         a   i   ( t ) =  (   x   i   1   ( t ) −   x   i   2   ( t )   )   2   + (   y   i   1   ( t ) −   y   i   2   ( t )   )   2            b   i   ( t ) =  (   x   i   3   ( t ) −   x   i   1   ( t )   )   2   + (   y   i   3   ( t ) −   y   i   1   ( t )   )   2            c   i   ( t ) =  (   x   i   2   ( t ) −   x   i   3   ( t )   )   2   + (   y   i   2   ( t ) −   y   i   3   ( t )   )   2           



(7)




where i represents a inundated grid cell;     s   i   ( t )   is the area of the i-th grid cell at time t;     p   i     t   ,     a   i     t   ,     b   i     t   ,     c   i     t     are the intermediate variables at time t of the i-th grid cell;   (   x   i   1   ( t ) ,   y   i   1   ( t ) )  ,    (   x   i   2   ( t ) ,   y   i   2   ( t ) )  ,    (   x   i   3   ( t ) ,   y   i   3   ( t ) )   are the coordinates of the three nodes that make up the i-th grid cell.



The total inundated area at time t is calculated by the following formula:


  S ( t ) =   ∑  i = 0   i = N      S   i   ( t )    



(8)




where N is the total number of grid cells in inundated state at time t.



	(3)

	
Determination of FFGR:







The inundation status at a specific time T represents the flooding condition for that day. By combining the above two steps, Equation (9) can be obtained, from which the daily FFGR throughout the simulation period can be calculated. This establishes a time coupling relationship between the GW model and the two-dimensional hydrodynamic model:


    W   R e c h a r g e G   K   =   f   c   K   ( T ) •   S   K   ( T )  



(9)




where K represents the sequential order of the flood days;     W   R e c h a r g e G   K     is FFGR on day K;       f   c     K   ( T )   is the infiltration rate at time T on day K (mm/d);     S   K   ( T )   is the floodplain flood inundation area at time T on day K.



For a specific simulation area,     f   c   ( T )   can be determined through infiltration tests. In this study, we adopt the value of     f   c   ( T )   to be 0.5 mm/min through reports collected from the geological bureau. The equation for calculating the FFGR over the entire flood duration is as follows:


    W   R e c h a r g e G   =   ∑  K = 1     K   m a x        W   R e c h a r g e G   K     =   ∑  K = 1     K   m a x        f   c   K       T   ·   S   K     T                  



(10)




where     W   R e c h a r g e G     is the FFGR over the entire flood duration,   0 ≤   W   R e c h a r g e G   ≤   W   R e c h a r g e G   m a x    ;     K   m a x     is the total number of flood days;     W   R e c h a r g e G   m a x     is the maximum value of FFGR, which is equal to the volume of the vadose zone multiplied by the storage capacity.



In this study, the flood situation at 0 o’clock is considered representative of the entire day. Therefore, Equation (10) can be simplified to


    W   R e c h a r g e G   =   ∑  K = 1     K   m a x        W   R e c h a r g e G   K     =   f   c     ∑  K = 1     K   m a x        S   K   ( 0 )    



(11)




where     S   K   ( 0 )   is the floodplain flood inundation area at day K. Based on the hydrogeological profile data, the unsaturated zone depth in the study area was determined, and the storage capacity was obtained from the geological data. Consequently,     W   R e c h a r g e G   m a x     was calculated to be 291 million m3.




3.3.2. Spatial Coupling


The spatial coupling involves inputting the FFGR into the GW model based on the spatial correspondence between the hydrodynamic model and the GW model, ensuring accurate GW simulation. The specific steps are as follows:




	(1)

	
Analog range partitioning of hydrodynamic model:









The floodplain flood area undergoes dynamic changes, with varying water inflows each year, resulting in different inundation patterns. However, due to topographical variations, certain areas experience longer periods of submergence compared to others. In the absence of considering infiltration rates, areas with longer inundation durations receive higher FFGR, while areas with shorter inundation durations receive lower infiltration recharge. Therefore, the initial step in spatial coupling is to partition the simulation range of the hydrodynamic model based on the duration of inundation.



Flood simulations are conducted based on the hydrodynamic model, using the data of years with the highest water volume. From the simulation results, the year with the widest inundation area is identified and analysis is performed, and processing of its result files is carried out using ArcGIS. The process involves a. Extracting water depth data at time T every day for all nodes in the result file and assigning inundation attributes of 1 and 0 to nodes with a water depth greater than zero and less than zero, respectively; b. Performing interpolation using spatial interpolation tools based on the inundation attributes of the nodes to obtain     K   m a x     individual daily inundation range raster files; c. Using the Raster Calculator tool in the spatial analysis tools to sum up the     K   m a x     individual inundation range raster files, resulting in one raster file representing the number of days of inundation. From this file, we can determine the duration of inundation at each location.



Subsequently, the raster file is reclassified using the Reclassify tool in Spatial Analyst Tools, considering the “ratio” of submerged time at each site to the total duration of submersion. This reclassification facilitates the division of the 2D hydrodynamic model into several zones. By utilizing ArcGIS, the area of each region can be quantified. Steps for the division of the simulation area are as follows: Firstly, based on the mentioned “ratio”, the simulation area is divided into 20 subzones at 5% intervals, with area of each subzone denoted as A1, …, A20. Next, the number of zones for model partitioning is determined, along with the respective area of each zone. In this study, based on the hydrodynamic model simulation results in 2016, the simulation area of the hydrodynamic model is divided into three zones, and the area of the corresponding zones are S1, S2, S3. The division process is elaborated using Figure 5, where m, Ss, Sf are intermediate variables.



Using the determination of S1 as an example, a brief explanation of Figure 5 is provided. Assuming that there are two potential values for S1, A1 and A1 + A2, if A1 + A2 is only up to 5% larger than A1, which can be expressed as A1 + A2 < 1.05 A1, then S1 equals A1. Conversely, if the increase exceeds 5%, then S1 = A1 + A2. By employing the aforementioned approach, the two-dimensional hydrodynamic model area is partitioned into three zones based on the proportion of inundation duration within the intervals of 0% to 5%, 5% to 80%, and 80% to 100% of the total duration. These three delineated regions have respective areas of 385 km2, 266 km2, and 388 km2, as illustrated in Figure 6.



	(2)

	
Determination of FFGR in each zone:







According to the areas of each zone and the proportion of submerged days obtained in step (1), the average submerged days for each zone can be calculated using the following equation:


    K   n   =     ∑  p = L   p = H      S   n   ( p ) • ( p   K   m a x   )       S   n     =   q   n   ·   K   m a x    



(12)




where Kn is the average number of days submerged in the n-th zone; p represents the proportion of submerged days in the n-th zone to the total number of days; H, L are the lower limit and upper limit of p in the n-th zone, respectively;     S   n   ( p )   is the area where the proportion of submerged days to the total number of days in the n-th zone is p; qn is the ratio of the average submerged days of the n-th zone to the total submerged days of the entire region,     q   n   =     ∑  p = L   p = H      S   n   ( p ) • p     /   S   n    . In this study, the values of q1, q2, q3 are 2%, 50%, and 95%, respectively.



Based on the whole FFGR obtained in Section 3.3.1, the area of each zone and the average submerged days of each zone obtained in step (1), the FFGR in each zone can be obtained using the following equation:


    W   n   =     q   n     S   n       q   1     S   1   + ⋯ +   q   n     S   n       W   R e c h a r g e G    



(13)




where     W   n     is the FFGR in the n-th zone.



In the study area, the FFGR in each zone is as follows:


    W   1   = 0.015   W   R e c h a r g e G    



(14)






    W   2   = 0.261   W   R e c h a r g e G    



(15)






    W   3   = 0.724   W   R e c h a r g e G    



(16)




where W1, W2, W3 are the FFGR in zone1, zone2, and zone 3, respectively.



	(3)

	
Correspondence of spatial location information:







First, establish the spatial correspondence between the GW model and the hydrodynamic model based on their coordinate information, as illustrated in Figure 7. Next, transform the results from step (2) into an FFGR intensity that aligns with the time step of the GW model. Then, input this recharge intensity into the GW model based on the established spatial correspondence, thereby achieving model coupling.



Finally, incorporate other recharge and discharge components into the GW model to complete the accurate simulation of the GW level.






4. Results


4.1. Calibration and Validation of the Models


4.1.1. The 2D Hydrodynamic Model


Considering the occurrence of two major floods in 2017, a higher level of model accuracy is required. Therefore, the flood events in 2017 are chosen for the parameter calibration, while the flood events in 2016 serve for the model validation. The measured flow data from three monitoring sites, namely Burqin hydrometric station, Sarbulak, and Halagou Mudao Bridge, are utilized for the calibration and validation process of the model. The Nash efficiency (NSE) values, calculated based on the observed and simulated peak flows, are used to assess the model performance.



During the calibration process of the model, we found that the model exhibits stability when using a time step of 5 s, and a Manning’s roughness coefficient of 0.045 for the river reach and 0.059 for other areas results in a notably accurate fit. At this stage, the NSE values for Burqin, Sarbulak, and Halagou Mudao Bridge are 0.88, 0.85, and 0.85, respectively. During the model validation stage, the NSE values are 0.93, 0.85, and 0.94 for the respective sites, which further confirmed the rationality of the parameter values. Additionally, the accuracy of the model is further confirmed by comparing the inundation area derived from the model simulation results with remote sensing images, showing an error of less than 15% [52]. Moreover, the comparison between the calculated and observed hydrographs for the wet periods in 2016 and 2017 at the three sites (Burqin, Sarbulak, Halagou Mudao Bridge) is depicted in Figure 8, demonstrating a strong agreement. These results collectively demonstrate the high precision of the 2D hydrodynamic model in simulating flood dynamics. For a more comprehensive understanding of the calibration and validation process of the 2D hydrodynamic model in the study area, please refer to [52].




4.1.2. The Coupled Hydrodynamic–GW Model


The GW model uses the 2016 dataset for calibration and the 2017 dataset for validation. As described in Section 3.1.1, the FFGR in the GW model relies on the results from the hydrodynamic model. Therefore, the first step is to employ the hydrodynamic model to simulate the extent of floodplain flooding in 2016 and 2017. The simulation results can be observed in Figure 9. Once all source and sink items of the GW model are determined, we can proceed to simulate the GW in the study area and calibrate as well as validate the coupled hydrodynamic–GW model. The root mean squared error (RMSE) values for GW levels, obtained from the comparison between observations and calculations, are used to assess the model performance. There are eight observation wells located within the simulation area, and GW levels are manually measured on the 10th, 20th, and 30th of each month. It should be noted that there are instances of some missing data due to flood inundation, which prevents access to the observation wells.



Similar to the hydrodynamic model, in the calibration phase, we determined parameter values through trial and error and assessed their validity through model validation. In this study, the hydraulic conductivity and storage capacities for regions 1, 2, 3, and 4 (Figure 3b) are 3 m/d and 0.24, 5 m/d and 0.18, 2.1 m/d and 0.22, and 2.6 m/d and 0.24, respectively. RMSE values in calibration and validation stage are presented in Table 3. The average RMSE values for 2016 and 2017 are 0.51 and 0.77, respectively. In 2016, the errors range from 0.05 to 0.88, while in 2017, the errors range from 0.2 to 1.74. It is worth noting that only Wells 7-zk1 and 10-zk2 show RMSE values higher than 1 in 2017, which may be attributed to their specific locations or parameter settings. Compared to other studies using coupled GW (GW) models [54], the RMSE in this study is within a reasonable range.



To further demonstrate the effectiveness of the coupled model, we compared the simulation results of GW levels with measurements from eight observation wells, as shown in Figure 10. The results demonstrate that the model effectively captures the trend of GW level changes. In areas susceptible to floodplain flood inundation, the model accurately simulates the rapid rise and fall of GW levels during flood events, such as at locations 7-zk2, 10-zk1, and 10-zk3. In areas unaffected by floodplain floods, the model simulates a gradual change in GW levels, consistent with the actual conditions observed, as seen at location 7-zk4.





4.2. Water Balance of the Coupled SW–GW Model


Figure 11 displays the water balance results obtained from the GW models for the years 2016 and 2017. The term “storage” refers to the amount of water controlled by the aquifer, while “lateral boundary” and “river” represent the quantities of water exchanged between the simulated area and the adjacent aquifer, as well as between GW and the river, respectively. “RCH” encompasses the GW recharge from irrigation, canals, and floodplain floods, while “evaporation” denotes the amount of water lost through evaporation.



From Figure 11, it is evident that “RCH” contributes the largest proportion to the GW recharge. In the study area, the recharge from irrigation and canals depends on the irrigated area and canal length, amounting to approximately 102 billion m3. Notably, the recharge from floodplain floods surpasses 300 billion m3 in both 2016 and 2017. This substantial volume of water cannot be overlooked in GW numerical simulations. Additionally, “evaporation” constitutes the predominant portion of GW discharge. This can be attributed to the study area’s location in an arid inland region with high evaporation rates. Moreover, the discharge exceeds the recharge in both 2016 and 2017, indicating a rise in GW levels towards the end of the year. However, it is important to note that this discrepancy may be attributed to the accuracy of the GW model. In reality, the GW level should remain relatively stable throughout the year. Furthermore, the contribution of GW recharge from rivers and lateral boundaries is limited in the study area.





5. Discussion


5.1. Accurate Spatiotemporal Simulation of GW Table


Numerical simulation studies have made significant strides in capturing the SW and GW interaction and enhancing the accuracy of GW simulation results. However, most of these studies have primarily focused on the impact of rivers on GW dynamics [29,33,55], while investigations quantifying the influence of floodplain flood inundation on GW are scarce. This disparity can be attributed to the challenges associated with coupling the 2D hydrodynamic model with the GW model, as mentioned in the introduction. Building upon the water balance results in Section 4.2, it becomes evident that floodplain floods represent a substantial source of GW recharge, underscoring the need to address these challenges proactively.



To tackle the first challenge, this study draws inspiration from TELEMAC-2D’s ability to simulate the alternation of wetting and drying in tidal zones [56,57,58], employing TELEMAC-2D for simulating flooding in areas with alternating wet and dry conditions. Regarding the second challenge, this study enhances the simulation efficiency of the hydrodynamic model by leveraging parallel computing capabilities of TELEMAC-2D on a high-performance computer (the feasibility and stability of this approach have been validated in prior research [59]). Additionally, through the coupling strategy proposed in this paper, the issue of disparate time steps between the hydrodynamic model and GW model has been resolved. Fu [60] employed the MIKE11 software to construct a one-dimensional hydrodynamic model for simulating river flow, while the MIKESHE model was utilized for GW simulation. The coupling of SW and GW models was achieved through the internal coupling module of MIKESHE. Additionally, remote sensing data were utilized for acquiring floodplain wetland area information. However, in this study, it was solely utilized for supplementary validation of the SW model. Applying the proposed coupled model in this region can offer comprehensive flooding simulations and encompass the mutual interactions between SW and GW. Hester [61] conducted flood inundation experiments in the floodplain section of Stroubles Creek in the United States to investigate the vertical exchange mechanism between floodplain floods and GW. The GW level monitoring results revealed a noticeable rise in GW levels at shallow monitoring points during flood events, aligning with changes of GW in this study. Utilizing the proposed coupled model allows for simulating the impact of large-scale floodplain floods on GW levels, offering a more efficient and cost-effective approach compared to on-site flood experiments. Above all, the integrated model presented in this study demonstrates a high level of accuracy in capturing the spatiotemporal variations of GW under the influence of floodplain floods (Figure 10), and it offers a novel approach for quantifying GW levels in regions strongly influenced by flood inundation.




5.2. Recommendations during Coupled Model Modeling


To effectively utilize the proposed linking method for accurate GW simulation, the following considerations are necessary when constructing the coupled hydrodynamic–GW model:




	
Digital Elevation Models (DEMs) are vital for both hydrodynamic and GW modeling, and it is crucial to carefully check and correct them to ensure accurate simulation results. The hydrodynamic model’s accuracy is directly influenced by precise elevation data, as it determines flow rates and directions. Similarly, the GW model relies on accurate elevation information to assess the deviation between the model’s top elevation and the phreatic level, known as the phreatic depth. To enhance simulation accuracy, it is recommended to utilize measured elevation data for both hydrodynamic and GW models.



	
Accurate zoning of the hydrodynamic model is crucial for the successful coupling strategy. In this study, the simulation range of the hydrodynamic model is divided into three zones based on the proportion of inundation time. The rationale behind this choice stems from the observation that finer partitioning based on the proportion of inundation time does not yield substantial differences in the resulting zone areas. However, pursuing a more refined partitioning approach would entail a significant increase in workload without commensurate benefits, rendering it cost ineffective. Therefore, it is recommended to determine the SW zoning based on the specific characteristics of the model.









5.3. Model Limitations


The coupled model proposed in this study demonstrates the ability to accurately capture changes in the GW table under changing floodplain flood conditions. However, there are certain limitations that can be addressed in future studies to further enhance its effectiveness.



The coupling method employed in this study is a one-way coupling method, focusing on describing the changes in GW resulting from SW recharge and discharge. However, it does not account for the reciprocal influence of GW on SW dynamics. Addressing this limitation could involve incorporating the GW supply from floodplain floods as a water loss component in the hydrodynamic model during the model establishment period. This approach would enable a more comprehensive representation of the interactions between GW and floodplain floods.



An additional improvement to the coupled model involves enhancing the efficiency of flood inundation simulation. Considering the lengthy timescale of GW evolution, GW prediction periods typically span several decades [26,62,63,64,65]. In capturing the influence of long-term changes in flood inundation characteristics on GW, the coupling model developed in this study proves to be effective. While parallel simulation significantly enhances efficiency, hydrodynamic simulation for extended forecast periods remains time consuming. A promising approach to simulate and predict the spatial and temporal distribution of flood inundation is by leveraging machine learning techniques. Machine learning can provide a valuable tool for accurately modeling and forecasting flood inundation, thereby improving the overall performance and efficiency of the coupled model.



Furthermore, it is important to note that the infiltration process is significantly simplified when calculating FFGR. In reality, the infiltration process of SW is complex and varies across different regions. Therefore, in future studies, it is necessary to address the simplification of the infiltration process in a more nuanced manner, taking into account the specific characteristics of the study area. By improving the treatment of the infiltration process, the accuracy of the coupling model can be enhanced, leading to more reliable GW recharge estimations.





6. Conclusions


In the floodplain areas, floodplain floods play a significant role in GW recharge. To accurately quantify the impact of flood evolution on GW and enhance the simulation accuracy of GW, this study proposes a coupling strategy to establish a loose coupling between the hydrodynamic model TELEMAC-2D and the GW model MODFLOW. The calibration and validation results of the coupled model exhibit RMSE values of 0.51 m and 0.77 m, respectively, which indicate the coupling strategy is rational. Furthermore, the water balance analysis highlights FFGR is the primary source of GW recharge in the study area.



The results demonstrate that the coupled model effectively captures the impact of floodplain floods on GW dynamics. This includes capturing the temporal fluctuations of GW levels and the spatial variations across the study area. In arid plain regions, floodplain floods contribute significantly to GW recharge, highlighting the importance of considering its influence in GW modeling. Previous approaches often represented the influence of SW on GW using simplified nodes or linear river representations. However, the complex nature of floods necessitates a more comprehensive consideration of the spatial and temporal variability of SW in GW simulations, departing from the conventional approaches.



The developed coupling model in this study represents a novel step in integrating the hydrodynamic model with the GW model, offering valuable guidance for investigating the interplay between SW and GW, studying wetland ecosystem dynamics, and formulating optimized reservoir operation strategies. Furthermore, this coupling strategy is not limited to the Irtysh River basin but can be applied to other floodplain regions worldwide. For instance, it holds potential for studying areas such as the Tarim River Basin in China, the Colorado River Delta in Mexico, and the Murray–Darling River basin in Australia.
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Figure 1. Location of the study area, including hydrometric stations, reservoirs, water management projects, and flow monitoring sites. 
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Figure 2. Simulation area, grid cell division, and boundary conditions of the hydrodynamic model. 
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Figure 3. (a) Lateral boundary conditions of GW model (A–H are the start and end points of each boundary); (b) simulation area, parameter partition of GW model. 
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Figure 4. The coupling strategy of hydrodynamic model and GW model (1–11 are the order of each step of the coupling strategy). 
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Figure 5. An example of the method to partition the simulation range of SW model. 
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Figure 6. Location and area of each zone of the hydrodynamic model. 
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Figure 7. Spatial correspondence diagram between hydrodynamic model and GW model. 
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Figure 8. Calculated (red) and observed (blue) hydrographs at Burqin, Sarbulak, and Halagou Mudao Bridge in 2016, 2017. 
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Figure 9. Calculated floodplain flood inundation area of the study area in (a) 2016 and (b) 2017. 
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Figure 10. Observed (red) and calculated (blue) GW level for 8 observation boreholes in 2016, 2017. 
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Figure 11. Water balance of the study area in (a) 2016 and (b) 2017 (billion m3). 
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Table 1. Data used for hydrodynamic model.
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Data Type

	
Data Content

	
Effect

	
Source






	
Geological data

	
Channel section, 2.5 m contour line, measured elevation points with a precision of 1 km

	
Generating the simulation area and terrain file

	
Geological survey results of the study area




	
DEM data with a resolution of 15 m

	
Generating the simulation area and terrain file

	
Bigemap




	
Hydrological data

	
2 h outflow processes of the 635 and KZJE reservoirs

	
Inflow boundary

	
Reservoir operation and scheduling data




	
Daily flows of Yinejihai engineering

	
Outflow boundary

	
Operation and scheduling data of Yinejihai engineering




	
Daily water flows of the Burqin Hydrological Station

	
Calibration and validation

	
Burqin hydrometric station




	
Daily water levels of the Burqin Hydrological Station

	
Outflow boundary

	
Burqin hydrometric station




	
Daily water flows of Sarbulak, and Halagou Mudao Bridge

	
Calibration and validation

	
On-site monitoring data




	
Meteorological data

	
Daily evaporation

	
Water loss calculation

	
Aletai hydrometric station




	
Infiltration observation data

	
Water loss calculation

	
Field data




	
Remote sensing image data

	
Remote sensing imaging from the SPOT-6 satellite and Environment-1 satellite

	
Generating the simulation area and terrain file

	
Bigemap











 





Table 2. Data used for GW model.
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Data Type

	
Data Content

	
Effect

	
Source






	
Topographic geological data

	
Elevation data obtained from surveyed points with an accuracy of 1 km, Hydrogeological cross-section, soil properties, contour map of GW level

	
Model establishment

	
Geological survey results of the study area




	
The DEM data with a resolution of 15 m

	
Model establishment

	
Bigemap




	
Recharge and discharge items

	
Daily evaporation

	
Model establishment

	
Burqin and Aletai hydrometric station




	
Irrigation area and monthly amount of irrigation

	
Model establishment

	
Regional agricultural statistics annual report




	
Other

	
Measured data of GW level on the 10th, 20th, and 30th day of each month

	
Model calibration and validation

	
Field measurement data











 





Table 3. RMSE of GW level between observation and calculation (m).
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	Observation Well
	7-zk1
	7-zk2
	7-zk3
	7-zk4
	10-zk1
	10-zk2
	10-zk3
	10-zk4
	Mean Value





	2016
	0.79
	0.63
	0.25
	0.18
	0.05
	0.88
	0.55
	0.74
	0.51



	2017
	1.74
	0.56
	0.2
	0.27
	0.49
	0.94
	0.75
	1.24
	0.77
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