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Abstract

:

Rainfall-runoff transformation on urban catchments involves physical processes governing runoff production in urban areas (e.g., interception, evaporation, depression, infiltration). Some previous 1D/2D coupled models do not include these processes. Adequate representation of rainfall–runoff–infiltration within a dual drainage model is still needed for practical applications. In this paper we propose a new modelling setup which includes the rainfall–runoff–infiltration process on overland flow and its interaction with a sewer network. We first investigated the performance of an outflow hydrograph generator in a 2D model domain. The effect of infiltration losses on the overland flow was evaluated through an infiltration algorithm added in a so-called Surf-2D model. Then, the surface flow from a surcharge sewer was also investigated by coupling the Surf-2D model with the SWMM 5.1 (Storm Water Management Model). An evaluation of two approaches for representing urban floods was carried out based on two 1D/2D model interactions. Two test cases were implemented to validate the model. In general, similar results in terms of peak discharge, water depths and infiltration losses against other 1D/2D models were observed. The results from two 1D/2D model interactions show significant differences in terms of flood extent, maximum flood depths and inundation volume.
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1. Introduction


Hydrological water losses are an important issue within the spatial and temporal distribution of the runoff water in urban catchments. An important component of these losses is infiltration. Although much of a typical urban area is paved, there has been a growing concern to restore natural infiltration functions and reduce impacts to the catchment by allowing rainwater to gradually infiltrate into the ground.



In urban flood modelling, not only the influence of the sewer system in the overland flow is of recognized importance [1,2] but also the interaction between surface water and the infiltration losses, in order to better estimate inundation extent and water depths [3,4,5]. It is necessary to provide infiltration input in overland flow models, as it plays as a water volume loss that can be defined using empirical laws (e.g., the Horton or Green-Ampt equations).



Some of the current included infiltration approaches focus on: (i) hydraulic models for the simulation of flow routing in drainage canals taking into account the infiltration effect with the Green-Ampt method [6]; (ii) estimating the parameters of the Green-Ampt infiltration equation from rainfall simulation data [7]; (iii) flood routing model incorporating intensive streambed infiltration [8]; (iv) rainfall/runoff simulation with 2D full shallow water equations [9]; (v) modelling two-dimensional infiltration with constant and time-variable water depth [10] and (vi) investigation of overland flow by incorporating different infiltration methods into flood routing equations [11]. Although this is beyond this research, it is important to highlight that not only changes in infiltration and in overland flow should be taken into account in urban catchments studies, but also variations in sediment transport dynamics due to the impact of urbanization, as it has been studied in [12,13].



New approaches including the influence of the sewer system in the overland flow (coupled 1D/2D model) have also been proposed and applied. Some of the current selection approaches focus on: (i) influence of sewer network models on urban flood damage assessment based on coupled 1D/2D models [14], (ii) multi-objective evaluation of urban drainage networks using a 1D/2D flood inundation model [15,16], (iii) the influence of modelling parameters in a coupled 1D/2D hydrodynamic inundation model for sewer overflow [17], and (iv) a coupled 1D/2D hydrodynamic model for urban flood inundation [18].



Recent progress in urban flood modelling reveals that the above mentioned coupled models are accurate and efficient in simulating floods for practical applications. However, the rainfall–runoff transformation on urban catchments involves physical processes governing runoff production in urban areas, such as interception (on rooftops and on trees), evaporation, depression storage and infiltration. Rainfall–runoff models for urban catchments do not usually include these processes. Previous 1D/2D coupled models compute rainfall–runoff in the 1D sewer network [19] and, although this is not real world physics, it is a good approximation. Better approaches compute rainfall-runoff into the 2D model domain without considering infiltration losses [14,18,20,21]. Adequate representation of rainfall–runoff–infiltration within dual drainage models is still needed within a surface water assessment.



This paper aims to develop a new modelling setup which includes rainfall–runoff and the infiltration process on the overland flow and its interaction with a sewer network. The key point is to evaluate the proposed model performance when rainfall–runoff and infiltration losses are included in a dual drainage approach, crucial for proper planning and design of urban drainage systems. For this purpose, we first investigated the performance of an outflow hydrograph generator in a so-called Surf-2D model and used it as an inflow boundary condition. Its results were compared with the nonlinear reservoir method computed in SWMM 5.1 (Storm Water Management Model).



The Surf-2D model was then coupled with SWMM in order to analyze the variation in water depths when overland flow originates not only from rainfall-runoff but also from a surcharge sewer. A benchmark test in Greenfield, Glasgow (UK) produced by the UK Environmental Agency [22] was used to examine water depth predictions and flood extents.



The effect of infiltration losses on the overland flow was evaluated through an infiltration algorithm (Green-Ampt method) added to the proposed Surf-2D model. Infiltration is computed in a grid cell using the Green-Ampt method. In order to show the ability to simulate infiltration from a point source direct runoff resulting from a given excess rainfall hyetograph, a validated FullSWOF_2D open source [23] was used to show the performance of the model, computing water depths for different infiltration parameter combinations in a hypothetical case.



Finally, an evaluation of two approaches for representing urban floods was carried out based on two main 1D/2D model interactions (e.g., rainfall–runoff computed in 1D sewer model vs. rainfall–runoff–infiltration computed in a 2D model domain) to study differences in terms of flood extent, water depths and flood volumes. The methodology applied in this paper is described in the next section, the results will be discussed in Section 3 and the last section will conclude the work.




2. Materials and Methods


Previous 1D/2D coupled models are combined to simulate the flow dynamics in sewer networks and on the aboveground surface [14,18,19,20,21]. Approaches to representing urban floods are based on two main 1D/2D model interactions as shown in Figure 1.



The 1D rainfall–runoff and 1D pipe network coupling are presented in Figure 1a when the hydrological rainfall–runoff process and routing of flows in drainage pipes are performed using the 1D sewer network. When the capacity of the pipe network is exceeded, flow spills into the 2D model domain from manholes and is then routed by a surface 2D model. The surface infiltration 2D and 1D pipe network coupling are presented in Figure 1b. The model uses a rainfall–runoff infiltration dynamically coupled with a sewer network model. In this study a new modelling setup based on this second interaction has been developed. Figure 2 summarizes the whole methodological process.



This framework includes the following main components: (1) an outflow hydrograph generator to estimate the direct runoff within the 2D domain, (2) a proposed Surf-2D model to represent the overland flow, (3) an infiltration module based on the Green-Ampt method, (4) a 1D sewer network simulated using SWMM 5.1, and (5) a coupled SWMM/Surf-2D model for representing urban floods. The details of each component are presented through the following sub-sections:



2.1. Surf-2D Model


In this study, surface water flood simulation builds on the work started in [19]. A non-inertia model system, named subsequently in this work as Surf-2D, was implemented to represent the urban topography, with the ground elevations at the centres and boundaries of cells on a rectangular cartesian grid. This determines the water levels at the cell centres and the discharges (velocities) at the cell boundaries. The system of 2D shallow water equations was obtained by integrating the Navier Stokes equations over depth and replacing the bed stress by a velocity squared resistance term in the two orthogonal directions. The continuity equation for the 2D flood plain flows is expressed as follows:


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



(1)




where h is the water depth and u and v are the velocities in the directions of the two orthogonal axes (the x and y directions), neglecting eddy losses, Coriolis force, variations in atmospheric pressure, the wind shear effect, and lateral inflow; the momentum equation is expressed as in Equation (2) for the x direction and Equation (3) for the y direction:


      ∂  (  h u  )    ∂ t   +   ∂  (  h  u 2   )    ∂ x   +   ∂  (  h u v  )    ∂ y   + g h   ∂ H   ∂ x   + g  C f  u    u 2  +  v 2    = 0  



(2)






    ∂  (  h v  )    ∂ t   +   ∂  (  h u v  )    ∂ x   +   ∂  (  h  v 2   )    ∂ y   + g h   ∂ H   ∂ y   + g  C f  v    u 2  +  v 2      = 0  



(3)




where H is the water level, g is the acceleration due to gravity and the coefficient Cf appearing in the friction terms is expressed in terms of Chézy roughness. It is known that two-dimensional flow over an inundated urban flood plain is assumed to be a slow, shallow phenomenon [24] and therefore the convective acceleration terms (the second and third terms in Equations (2) and (3)) can be assumed to be small compared to the other terms, and therefore they can be ignored. Expressing the velocities in terms of the discharges and using the Chézy roughness factor, the simplified momentum equations are expressed as Equation (4) (x direction) and Equation (5) (y direction).


   ∂  ∂ t    (   Q   Z Q     )  + Δ Y g   ∂ H   ∂ x   + g  Q   C 2   Z Q 2       (     (   1  Δ Y    Q   Z Q     )   2  +    (   1  Δ X    R   Z R     )   2   )    0.5   = 0  



(4)






   ∂  ∂ t    (   R   Z R     )  + Δ X g   ∂ H   ∂ y   + g  Q   C 2   Z R 2       (     (   1  Δ Y    Q   Z Q     )   2  +    (   1  Δ X    R   Z R     )   2   )    0.5   = 0  



(5)




where H is the water level, Q and R are the discharges in the directions of the two orthogonal axes (the x and y directions), ΔX and ΔY are the grid spacings in the x and y directions, ZQ and ZR are the water depths at the cell boundaries, g is the acceleration due to gravity, and C is the Chézy friction factor.



2.1.1. Numerical Solution


The above conservation of mass and momentum equations (the Saint-Venant equations) given in discretized form were solved using the alternating direction implicit scheme (ADI algorithm). In the ADI algorithm, the solution procedure includes the computation of conservation of mass and conservation of momentum in the corresponding direction and, in the other direction, the conservation of mass is once more computed, but now with the conservation of momentum for that direction (See, [19]). The main features of the Surf-2D model includes a two-point forward spatial and temporal difference scheme adopted on the basis of a uniform time step Δt = tn + 1 − tn, in which n is the time step counter.




2.1.2. Wetting and Drying


The water depth of a grid cell is then calculated as the average depth over the whole cell [19]. When the cell first receives water, the wetting front edge usually lies within the cell. In most cases, only part of the cell will be wetted at that time step. When the flow volume leaving a cell is more than that entering the cell, the cell dries and there is the possibility that the water depth may be reduced to zero or a negative value [19].



In order to avoid negative depth values, the wetting process is controlled by a wetting parameter. When the cell is wetting, the water should not be allowed to flow out of the cell until the wetting front has crossed the cell [25]; each cell has a property called percentage wet when the cell is first wetted, as follows:


  p e r c e n t a g e   w e t = m i n  (  1 ,    ∑   (  v Δ t  )    Δ x    )   



(6)




where v is the velocity computed from the discharge crossing the cell boundary divided by the cell width and the cell flow depth; Δx is the cell width and Δt is the current time step. Water is not allowed to flow out of the cell until the wetting parameter reaches unity. The wetting parameter is updated at each time step to describe the water traveling across a cell. The whole surface of the cell is used as active infiltration surface, even if rainfall intensity is zero and the cell is only partially wet. In terms of the numerical scheme, the model has the ability to halve or double the time step, halving to meet the convergence criterion, and doubling after a certain number of time steps without halving.





2.2. Infiltration Algorithm


A proposed infiltration algorithm was incorporated into the Surf-2D model code. In this case, infiltration is computed in a grid cell using the Green-Ampt method [26,27]. The cumulative depth of water infiltrated from the soil and the infiltration rate form of the Green-Ampt equation for the one-stage case of initially ponded conditions, and assuming the ponded water depth is shallow, is given in Equations (7) and (8).


  f  ( t )  =  k e   [  1 +   Ψ  θ d    F  ( t )     ]   



(7)






  F  ( t )  =  k e  t + Ψ  θ d  l n  [  1 +   F  ( t )    Ψ  θ d     ]   



(8)




where   f  ( t )    is the infiltration rate (mm/h), F(t) is the cumulative infiltration depth (mm), ke is the effective saturated conductivity (mm/h),    θ d    is the moisture deficit (mm/mm), t = time and Ψ depends on the soil and represents the suction head at the wetting front (mm). The ponded water depth ho computed at the surface of the cell, as described in the previous section and now also available, is assumed to be negligible compared to Ψ as it becomes surface runoff. However, in the case when the ponded depth is not negligible, the value of Ψ-ho is substituted for Ψ for infiltration computation at time    t n    in Equations (7) and (8) [23,28].



Equations (7) and (8) have been solved within the Surf-2D model from a quadratic approximation of the Green-Ampt equation based on the power series expansion presented first by [29]. Stone et al [30] derived their approximation based on two first terms in a Taylor series expansion and it was presented as the modified [29] equation as follows:


   F q *   (   t c *   )  = 0.5  (   t c *  +    t c *   (   t c *  + 8  )     )   



(9)




where    F q *   (   t c *   )    is the quadratic approximation of infiltrated depth for the case of the initial ponded conditions and    t c *    is the corrected time (dimensionless). The Taylor series expansion is given as follows [31]:


    F  p r  *   (   t c *   )  =  t c *  +    (  2  t c *   )    1 / 2       − 0.2987    (   t c *   )    0.7913       t c *  =    k e   (  t +  t s  −  t p   )    Ψ  θ d        f  p r  *   (   t c *   )  = 1 +  1   F  p r  *   (   t c *   )    =   f  ( t )     k e        F  p r  *   (   t c *   )  =   F  ( t )    Ψ  θ d      



(10)




where    F  p r  *   (   t c *   )    is the resulting approximation of the Taylor series for cumulative infiltrated depth;    t s    is the time shift, termed as “pseudo time” used as a correction for considering the cumulative infiltrated depth of water at the time of ponding during an unsteady rainfall event; and    t p    is the time to ponding. [30], compared to the quadratic approximation of [29], has less error within range values of the ratio of cumulative depth to capillary potential of 0.5 to 150. This range roughly corresponds to coarser textured error soils. Outside this range, both approximations result in small absolute error.



In the Surf-2D model, infiltration is calculated by taking into account the computed velocity at which water enters into the soil (infiltration rate) in the corresponding grid cell (area of the grid) per unit time. This is treated as a discharge point sink within the same time interval. The water infiltration is assumed to be one-dimensional, and thus there is no lateral drainage. To avoid an infinite infiltration rate initially (when the infiltrated volume is still equal to zero), we add a threshold to obtain the infiltration rate f = min(inf capacity, imax). Because the infiltrated volume cannot exceed the water depth (h) at the surface of the cell that is available for infiltration at time tn, the volume is updated as shown in Equation (11). Finally, the water depth is updated.


   V  i n f   n + 1   =  V  i n f  n  + min   ( h , f ∗ Δ t )  



(11)








2.3. Rainfall-Runoff Process


The performance of an outflow hydrograph generator in a 2D model domain was investigated, instead of adding the rainfall rate directly to each cell as a mass source term, as is commonly performed [14,18,23]. In this study an alternative to obtain direct surface runoff resulting from a given excess rainfall hyetograph was obtained by applying the Soil Conservation unit hydrograph known as the SCS-UH method [32]. Figure 3 shows the surface runoff representation in a cell.



The SCS-UH method is a synthetic unit hydrograph, in which the discharge is expressed by the ratio of discharge q to peak discharge qp and the time by the ratio of time t to the time of the unit hydrograph rising, Tp. Given the peak discharge and lag time for the duration of excess rainfall, the unit hydrograph can be estimated from the synthetic dimensionless hydrograph (see for example, [28]). In this case the direct runoff hydrograph accounts for the direct surface runoff, i.e., rainfall minus abstractions or losses, such as initial losses (interception and ponding, considered lower in urban compared to rural areas) and infiltration losses.



Initial losses such as rainfall interception from rooftops, urban trees and depression storage at the start of the design storm are defined as that part of rainfall retained by aboveground objects until it returns to the atmosphere through evaporation. These initial losses have been taken into account in the unit hydrograph computation following the observations found in the literature and recapitulated in [33], expressed as water depth by unit of surface during a frequent rain-event. Infiltration contributes to runoff losses during and after the rainfall event and has been considered thus, as presented in Section 2.2.



The corresponding hydrograph obtained as a result of this process was used as an inflow boundary condition in the Surf-2D model. This means that water is allowed to flow into the model domain at any cell. This can occur either as a source or sink in a cell, with the flow having no horizontal momentum contribution (such as rainfall or flow at surcharged manholes of a drainage network model based on, say, SWMM) or at a cell boundary, in which, in this case, the contribution of the momentum of the inflow is included.




2.4. 1D Sewer Model


SWMM is a dynamic sewer network model that solves the conservation of mass and momentum equations (1D Saint-Venant equations). The model governs the unsteady flow of water through a drainage network of channels and pipes by converting the equations into an explicit set of finite-difference equations. The network system is presented as a set of links which are connected at nodes. Links transport flow from node to node and these nodes are modelled as storage elements in the system. It is assumed that the runoff surface area of a node is equivalent to the surface area of the node itself plus the surface area that is contributed by half of each conduit connected to the node [34]. Continuity and momentum equations are used in the dynamic wave routine at the links, and the continuity equation is used at the nodes. This routing method can account for channel storage, backwater, entrance/exit losses, flow reversal and pressurized flow. The Saint Venant equations and their solution method as implemented in SWMM 5.1 are described in [34].



SWMM defines a node as being in a surcharged condition when all the conduits connected to it are full or when the node’s water level exceeds the crown of the highest conduit connected to it [34]. During the surcharge and in order to prevent the surface area at the node from becoming zero (0), a limit on the full conduit width is set, equal to the width when the conduit is 96% full, the so-called minimum full conduit width parameter [20]. To guarantee the mass conservation, a perturbation equation is:


  Δ H =   −  ∑  Q   −  ∑  ∂ Q / ∂ H    



(12)







The gradient of flow in a conduit with respect to the head at either end node can be evaluated by differentiating the flow updating the link momentum equation [34], resulting in:


    ∂ Q   ∂ H   =   − g  A ¯  Δ t / L   1 + Δ  Q  f r i c t i o n      



(13)




where Q is flow rate and H is the hydraulic head of water in the conduit.   A ¯   is the average flow area,   Δ t   is the time step (sec), L is the conduit length (m),   Δ H   is the adjustment to the node´s head that must be made to achieve flow continuity, and    ∑  Q   is the net flow into the node (inflow–outflow) contributed by all conduits connected to the node as well as any externally imposed inflows.   ∂ Q / ∂ H   has a negative sign in front of it because, when evaluating    ∑  Q  , flow directed out of a node is considered negative while flow into the node is positive. Equation (12) is used whenever heads need to be computed in the successive approximation scheme developed for surcharge flow [34].




2.5. 1D/2D Coupling


In order to simulate the interaction between the sewer network and surface flow, the Surf-2D model was coupled with the SWMM 5.1 open source code through a series of calls built inside a dynamic link library—DLL [34]. The models’ linkage follows the work of [20]. To avoid modifications in the original SWMM code, additional functions inside its DLL file were added to feed the interface communication with the Surf-2D model.



The coupling includes two extra functions for exchanging of information between the two models. The first function extracts the node water levels and node depth during every SWMM simulation time, and this function also takes each node ID as inputs to deal with flows. The second function exchanges discharges (node inflow and outflow) between both models. The discharge values can be either positive or negative depending on whether water is being transferred from or to the Surf-2D model. As was stated above, direct surface runoff resulting from a given excess rainfall hyetograph is added directly into the Surf-2D model, thus SWMM computes the dynamic sewer network flow, and its hydrological runoff module was not used.



The Surf-2D model includes two subroutines suggested in previous publications [2,20]. These subroutines calculate the bidirectional discharge between the two models. Discharge between the two models is assumed to take place at the manholes. However, in reality the catchment plays the major role in this. As such, the sewer drainage efficiency depends on the instantaneous and available sewer drainage capacity and the overland flow paths overlying the location of the manholes. Manhole discharges are treated as point sinks or sources in the 2D model within the same time interval as follows.



2.5.1. Drainage Condition


When the water level on the ground surface (h2D) is higher than the hydraulic head at the manhole (h1D) and the ground surface elevation (Z2D), the runoff from the surface flowing into the manhole is determined by either a weir equation if the pressure head in the manhole is below ground surface elevation h1D < Z2D (Equation (14)), or an orifice equation if pressure head in the manhole is above the ground elevation h1D > Z2D (Equation (15)).


  Q =  c w  w  h  2 d     2 g  h  2 D      



(14)






  Q =  c o   A  m h     2 g  (   h  2 D   +  Z  2 D   −  h  1 D    )     



(15)




where Q is the interacting discharge (m3/s), and cw is the weir discharge coefficient. With this form of equation, cw has a value between 0.6 and 0.7 (0.6), w is the weir crest width (m), Amh is the manhole area (m2), and co is the orifice discharge coefficient with values between 0.6 and 0.62 (0.62). The numbers in parentheses were used as initial values.




2.5.2. Surcharge Condition


Surcharge is determined based on an orifice equation if h2D < h1D (Equation (16)).


  Q = −  c o   A  m h     2 g  (   h  1 D   −  Z  2 D   −  h  2 D    )     



(16)







The timing synchronization also becomes an important issue for connecting both models appropriately. Because the sewer network model SWMM and the Surf-2D model use different time steps, the 2D model time step was restricted just before the synchronization time to the value given by applying Equation (17). This time-synchronization technique can be found in detail in [21].


  Δ  t  2 D m + 1     = min  {   (   T  s y n c   + Δ  t  1 D   −   ∑   i = 1  m  Δ  t  2 D    )  ,   Δ  t  2 D m + 1  *   }     



(17)




where   Δ  t  2 D m + 1       is the time step size [s] used for the m+1th step, Tsync is the time of the previous synchronization [s],      ∑   i = 1  m   Δ  t  2 D     is the total duration of the time step [s] after m step of the surface water model computation following the last synchronization,   Δ  t  1 D     is the time step used in SWMM, and   Δ  t  2 D m + 1  *    is the time step duration determined by the Surf-2D model for the m + 1th step.





2.6. Test Cases


The formerly 2D model was previously tested in [19] with a benchmark case where a wave propagation down a river valley was simulated. To assess the model performance of the proposed Surf-2Dmodel, two tests were selected which enable the studying of specific urban flood aspects and verification of model accuracy.



The first test is a hypothetical case to evaluate the performance of the unit hydrograph. To this purpose, the unit hydrograph (SCS-UH) computed was initially compared with the nonlinear reservoir routing method implemented in SWMM. Figure 4a presents this case; it is a 40 m by 32 m grid plane (8 km2) with a cell size of 2.5 by 2.5 m and slope of this area equal to 0.007 m.



The second test was taken from the Benchmark test “case 8B” carried out by the UK Environmental Agency (EA) [22]. This corresponds to a hypothetical event happening in the region of Greenfield, Glasgow, UK (see Figure 4b). This test has the objective of assessing the performance of the proposed SWMM/Surf-2D coupled models in terms of water depth predictions and flood volume.



A range of software packages, referred to as shallow water equations, “Full models” (i.e., InfoWorks, ISIS, TUFLOW, MIKE FLOOD and SOBEK) and a “simplified model” (some terms of the equations are neglected and simplified equations are solved) known as a UIM model are included in this benchmark test [22]. The infiltration process was not considered in any of these models, so that the infiltration module implemented into the proposed Surf-2D model was not used in this test.



The characteristics of overland flow and the variation in water depths are examined when the overland flow originates not only from rainfall–runoff but also from a surcharging underground pipe. An inflow boundary condition is applied at the upstream end of the pipe. A surcharge is expected to occur at a vertical manhole of 1 m2 cross-section located 467 m from the top end of the culvert. The flow from the above surcharge spreads across the surface of a 2m resolution DTM created from LIDAR data.



A land cover dependent roughness value was applied with two categories: (1) roads and pavement; (2) any other land cover type. A uniform rainfall of 400 mm/h with 4 min duration and starting at minute 1 was applied with a total simulation time of 5 h to produce direct surface runoff. Similarly, an inflow boundary condition was applied at the upstream end of the pipe (1D model), with a surcharge expected to occur at the manhole.



As was stated in Section 2.6, the benchmark “Test 8B” model packages do not include infiltration processes. For this reason, in order to assess the Surf-2D model’s ability to simulate infiltration from a point source (direct runoff resulting from a given excess rainfall hyetograph), the validated open source Full Shallow Water equations for Overland Flow in two dimensions of space (FullSWOF_2D, [23]) was used for comparison purposes. Several features make FullSWOF_2D particularly suitable for applications in hydrology. Small water depths and wet–dry transitions are robustly addressed, rainfall and infiltration (Green-Ampt method) are incorporated, and data from grid-based digital topographies can be used directly. In this software, the shallow water (or Saint-Venant) equations are solved using finite volumes and numerical methods, especially chosen for hydrodynamic purposes (transitions between wet and dry areas, small water depths, and steady-state preservation).





3. Results and Discussion


3.1. Performance of the Outflow Hydrograph Generator


The performance of the outflow hydrograph generator was assessed by the hypothetical case presented in Section 2.6. The initial losses were set to 0.62 mm for both methods following the reviewed values in [33]. This value corresponds to rainfall interception from rooftops, urban trees and depression storage at the start of the design storm. For the nonlinear reservoir, infiltration losses were computed assuming a silt soil class with the following Green-Ampt (GA) parameter values:    k e    = {5 mm/h};    θ d    = {0.5}; Ψ = {190 mm}. The rainfall intensity was assumed as 70 mm/h at 1-h duration. The result of this process is a hydrograph comparison between the two surface runoff methods (e.g., SCS-UH vs. nonlinear reservoir) as presented in Figure 5.



The overland flow rate obtained by applying the SCS-UH method differs slightly around the peak of the hydrograph from the nonlinear reservoir method computed in SWMM. Discharge values in the unit hydrograph method are ±7% higher in comparison to those obtained with the nonlinear reservoir. This can be associated to the different hydrological considerations taken for runoff generation such as the assumed initial losses value. It could also be due to the fact that the infiltration losses were not considered in the unit hydrograph method, as infiltration is computed with the 2D algorithm in the Surf-2D model. However, in general both methods are in good agreement. The corresponding generated hydrograph was then used as an inflow boundary condition in the Surf-2D model for the following analysis.




3.2. Evaluation of the Effect of Infiltration


This test aims to assess the Surf-2D model’s ability to simulate infiltration from a point source, direct runoff resulting from a given excess rainfall hyetograph. The hypothetical case (Figure 4a) was applied with an assumed 70 mm/h rainfall intensity of 1 h duration.



As a sensitivity analysis, Figure 6a–c show the comparison of computed water depths for different GA infiltration parameters combinations (   k e   ,    θ d  ,   Ψ) according to [28,35]. The values of each parameter correspond to sand, silt and clay soil classes, respectively. The obtained water depths were compared to those obtained with FullSWOF_2D software. No groundwater component (neither physically nor parametrized) has been included in both models.



The water depth results consist of those predicted by FullSWOF_2D for different infiltration parameters combinations (Figure 6). This can be inferred by the R2 grader at 0.88, the RMSE error statistic which exhibits a small error of an average of 0.011 m, and the total volume difference between Surf-2D and FullSWOF_2D. It is in the order of 4% (see Table 1). The good match can be associated to the similar finite volumes and numerical methods applied in both models to solve the shallow water (or Saint-Venant) equations and to the method used to compute infiltration. These results show the importance, when evaluating the performance of the Surf-2D model, of computing infiltration.



Figure 7 presents the results comparison between the Surf-2D model and FullSWOF_2D in a single grid (point 1, Figure 4a) according to the different soil types given in Table 2.



A surface with high infiltration capacity (sandy loam) reduces the surface runoff generated to 36%, and with low infiltration capacity (clay loam) runoff has also been decreased to 27%. The results show the importance of the soil type in determining the overland flow, as this governs the infiltration capacity limits. The hydraulic conductivity is a dominant parameter as it defines the maximum infiltration capacity of the soil, as also presented in [11].



The infiltration rate in a single grid (see control point 1, Figure 4a) was found to be reduced at a decreasing rate at a time up to 20 minutes. It shows an almost steady state after 30 minutes of continuous ponding. The infiltration depth in a single grid was also found to increase at a decreasing rate, which is consistent with previous investigations [30,36]. Figure 7 also shows the logical hydraulic properties of soil from the highest to the lowest: sandy loam and clay loam, respectively (see also [37]).




3.3. Surface Flow from a Surcharge Sewer


This section evaluates the capability of simulating shallow inundation, originating from a surcharging underground pipe. The benchmark test case in the region of Greenfield, Glasgow (UK) and described in Section 2.6 was applied. Figure 8 presents the manhole discharge results using the coupled SWMM/Surf-2D model and its comparison with the mentioned diffusive and dynamic models. Due to the fact that the infiltration process was not considered in any of the benchmark models, the infiltration module implemented in the proposed Surf-2D model was not used for this analysis. Final results have been overlapped with previously published results from the software packages [36].



The SWMM/Surf-2D model predicts similar results in terms of peak discharge at the manhole, as can be seen in Figure 8, although volumes differ within a 12% range (e.g., 5700 m3 for SWMM/Surf-2D model and 5024 m3 for Mike flood). Figure 9a,b present water depths at points 7 and 9, which correspond to a green area (See Figure 4b).



All models agreed in the prediction of the peak levels (red line). Maximum depths did not exceed 0.23 m at point 7. The coupled model also agrees in the prediction of water depths compared to the other models, and water depths did not exceed 0.20m at point 9. However, the UIM model results do not predict peak levels showing a quasi-constant water depth. This could be a consequence of the scale of the test used here, over smaller domains than one would typically apply a simplified model to (see, [36]). UIM as a simplified model solves the 2D diffusion wave equation which is obtained by neglecting the acceleration terms in the 2D shallow water equations.



In terms of run times, Table 3 presents the efficiency of the proposed SWMM/Surf-2D coupled model compared to the model results reported in [36].



Efficiency obtained herein with SWMM/Surf-2D exhibits similar run times compared to SOBEK and performs better than ISIS and UIM models. However, TUFLOW, InfoWorks and MIKEFLOOD perform better than the method herein mentioned. According to [36], possible explanations for this run times variations include the choice of the time step partly imposed by the numerical approach, the number of iterations performed at each time step, and the efficiency of the numerical algorithm and hardware specification.




3.4. Evaluation of Two Approaches for Representing Urban Floods


The two 1D/2D model interactions illustrated in Figure 1 have been evaluated on the benchmark test “case 8B”. Initial losses for the unit hydrograph were set to 0.65mm. The distributed hydraulic conductivity (ke) in the model for roads–pavement and green areas was set to a very slow infiltration 1.0 mm/h and moderate infiltration 6.5 mm/h, respectively. Figure 10 presents the top view of the flood inundation extent in the region of Greenfield, Glasgow to evaluate two different flood modelling interactions. Flood is condensed across a highway going east to west. The flat slope, especially along the street, facilitates the overland flow’s inundation along the street parallel to the main highway.



The first 1D/2D model interaction is presented in Figure 10a. The rainfall–runoff process is performed in the 1D culvert. When the capacity of the pipe network is exceeded flow spills into the 2D model domain from manholes and is then routed by a surface 2D model. In this case, the areal extent, maximum flood depth and volume of the inundation region is about 624 m2, 0.38 m and 187 m3, respectively.



The second 1D/2D model interaction, based on rainfall–runoff and infiltration computation. accounted for with the Surf-2D model, is presented in Figure 10b. The culvert initially has no water to simulate overland flow draining back to the system. Here, the impact of rainfall–runoff and infiltration in the 2D domain is presented. An increase in the areal extent (4800 m2), maximum flood depth (0.9 m) and volume (3600 m3) around control point 3 is obtained (Figure 10b). Significant differences compared to those obtained in Figure 10a are shown. This approach 2 estimates the areal extent and flood depth caused by the rainfall–runoff, and the infiltration and excess flow from manholes during a flood event (flood inundation). After the event is over, water eventually drains back to the system through the downstream manhole (drainage condition). The inundation region is now about 2820 m2 of areal extent, 0.8 m of maximum flood depth and 1830 m3 of volume.



The above results show that differences between the two types of interactions are significant. For instance, differences by around 78% in terms of flood extent, 48% in the maximum flood depths and 90% in inundation volume were found. Integrated modelling approaches are being increasingly promoted as required in order to holistically evaluate urban water systems while facilitating infiltration in urban areas. In terms of modelling, the challenge today is to move from individual considerations of urban drainage system (UDS) performance to integrated applications that include not only the interaction between the sewer network and surface flow (1D/2D coupled models) but also the inclusion of the rainfall–runoff and infiltration process for a better evaluation of the system. Similarly, the modelling of green infrastructure or natural based solutions—NBS—within the evaluation of an UDS needs to be included [38]. The above test results demonstrate an acceptable tool as an advance for further analysis of the performance of these type of infrastructures.





4. Conclusions


In this paper an approach to couple rainfall–runoff-infiltration and sewers is presented. To achieve this, an infiltration module algorithm based on the Green and Ampt method was coded into a model called Surf-2D. Infiltration was calculated by taking into account the computed infiltration rate. Direct surface runoff resulting from a given excess rainfall hyetograph was also computed by applying the unit hydrograph method. The corresponding hydrograph was used as an inflow boundary condition in the 2D domain for each test. The model was then coupled with SWMM 5.1 open source code through a series of calls built inside a dynamic link library—DLL. The presented modelling setup was validated with two cases: a hypothetical case and the real case of Greenfield, Glasgow (UK). A surcharging case came from an EA benchmark report, with the latest validated free software FullSWOF_2D and with two different approaches to representing urban floods.



The following conclusions are reached: the unit hydrograph (SCS-method) implemented was indeed effective for the purpose of producing direct runoff in the 2D model domain compared with the non-linear reservoir method. Despite having different hydrological considerations for runoff generation compared to the nonlinear reservoir method, both methods’ results were similar. The inclusion of the Green-Ampt method in the 2D domain had a direct impact on the overland flood-depths. Although determining soil properties may sometimes be difficult for the application of the method, the presented model was capable of reproducing the influence of the infiltration capacity of the soil on the overland flow. As was observed in Figure 7 for a grid cell, the model follows a reasonable range of soil hydraulic properties from the highest to the lowest, sandy loam and clay loam, respectively (i.e., from high infiltration capacity with a sandy loam to low infiltration capacity with a clay loam soil type).



In the benchmark test “case 8B” in the region of Greenfield, Glasgow, the 1D sewer model contributed more reliable analyses of flooding processes due to their impact on the overland flood-depths. The presented model predicted similar results of the software packages (EA benchmark report), compared in terms of peak water depths within a range of a few centimeters. Two approaches for representing urban floods were tested in this work, leading to different flood evolution results. The direct impact of rainfall–runoff and infiltration using benchmark Test 8B allowed the provision of realistic flood volume and gradual recession after the flood peak occurs.



Finally, the presented coupled SWMM/Surf-2D model with the incorporation of rainfall–runoff and infiltration process showed a basis for addressing a better evaluation of urban floods and, in turn, holistically evaluate an urban drainage system.
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Figure 1. Illustration of the 1D/2D model interactions: (a) approach where the rainfall–runoff is computed in a 1D sewer network model (b) an approach based on the effect of rainfall–runoff and infiltration process on the overland flow and its interaction with a sewer network. u and v are the fluxes across cell boundaries of the 2D model. 
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Figure 2. Methodological process: (a) approach where the rainfall-runoff is computed in a 1D sewer network model; (b) an approach based on rainfall–runoff-infiltration on the overland flow and its interaction with a sewer network. 
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Figure 3. Surface runoff representation in a cell. 
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Figure 4. Test cases (a) Hypothetical case; (b) Benchmark test “case 8B”: Greenfield, Glasgow (UK). 
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Figure 5. Surface runoff methods comparison for the hypothetical case. 
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Figure 6. Water depths comparison between Surf-2D and FullSWOF_2D for different GA infiltration parameters (a)    k e    = {117.8 mm/h};    θ d    = {4.17}; Ψ = {49.5 mm}; (b)    k e    = {6.5 mm/h};    θ d    = {4.86}; Ψ = {166.8 mm}; (c)    k e    = {0.3 mm/h},    θ d    = {3.85}; Ψ = {316 mm}. 
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Figure 7. Hypothetical case: infiltration rate and depth results in a single grid (point 1). 
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Figure 8. Manhole discharge predicted by SWMM/Surf-2D superimposed with the results from the models published in the EA benchmark 8B [22]. 
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Figure 9. Water depths predicted by SWMM/Surf-2D superimposed with the results from the models published in the EA benchmark 8B [36]. (a) Water depths at point 7; (b) water depths at point 9. 
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Figure 10. Approaches for representing urban floods: (a) rainfall–runoff is computed in 1D culvert, flood extent presented in 2D. (b) Rainfall–runoff and infiltration computation accounted in Surf-2D model and its interaction with the culvert. 
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Table 1. Comparison of the overland surface volume differences between Surf-2D and FullSWOF_2D.
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	Infiltration Parameters
	Surf 2D Volume at the Surface (m3)
	FullSWOF_2D Volume at the Surface (m3)
	RMSE—Water Depths (m)





	   k e    = {117.8 mm/h};    θ d    = {0.417};

Ψ = {49.5 mm}
	4570
	4760
	0.010



	   k e    = {6.5 mm/h};    θ d    = {0.486};

Ψ = {166.8 mm}
	4619
	4810
	0.011



	   k e    = {0.3 mm/h};    θ d    = {0.385}; Ψ = {316 mm}
	4667
	4860
	0.013
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Table 2. Green-Ampt parameter values used [28,36].
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	Soil Texture
	     k e    ( mm / h )    
	Ψ (mm)
	     θ d    ( mm / mm )    





	Sandy loam
	22
	90
	0.5



	Silt
	5
	190
	0.5



	Silt clay loam
	1.8
	253
	0.2
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Table 3. Summary of runtimes.






Table 3. Summary of runtimes.





	Model
	Time-Stepping
	Runtime

(min)





	SWMM/Surf-2D
	1 s
	18.0



	InfoWorks
	Adaptive
	6.0



	ISIS
	0.05 s
	734.30



	TUFLOW
	1 s
	9.20



	UIM
	Adaptive
	743.30



	MIKEFLOOD
	1 s
	2.08



	SOBEK
	5 s
	18.9
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