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Abstract: In the context of large-scale urban flood modelling, porosity shallow-water models enable
a considerable speed-up in computations, while preserving information on subgrid topography.
Over the last two decades, major improvements have been brought to these models; but a single
generally accepted model formulation has not yet been reached. Instead, existing models vary in
many respects. Some studies define porosity parameters at the scale of the computational cells or
cell interfaces, while others treat the urban area as a continuum and introduce statistically-defined
porosity parameters. The porosity parameters are considered either isotropic or anisotropic, and
depth-independent or depth-dependent. The underlying flow models are based either on the full
shallow-water equations, or on approximations thereof, with various parametrizations of flow re-
sistance. Here, we provide a review of the spectrum of porosity models developed so far for large
scale urban flood modelling.

Keywords: urban flood modelling; porosity; shallow-water model

1. Introduction

Worldwide, climate evolution, population growth and rapid urbanization tend to in-
crease urban flood risk [1, 2]. Though this trend is well established, the magnitude of
changes in flood risk and the distribution of risk in space and time remain highly uncer-
tain [3]. Therefore, flood risk management should be guided by the analysis of a high
number of scenarios, based on many runs of numerical models used for predicting flood
hazard. This requires a high computational efficiency of the models, as is also necessary
for real-time forecasting of urban flooding, catchment-scale analyses, as well as interactive
computations for the purpose of risk communication [4]. Concurrently, high-resolution
topographic data have become widely available. There is thus a need for high perfor-
mance urban flood models which take full benefit of available data to support risk man-
agement and climate adaptation [5].

Meshing real-world urban areas for detailed flood modelling may prove very de-
manding. Indeed, a relatively fine discretization is required to capture relevant flow paths
(voids in-between buildings) whose characteristic size is typically a few decametres, while
computational domains covering urban areas may extend over hundreds of km?2. This
makes fast computations particularly challenging [6]. Besides massive parallelization [4,
7], another viable option for improving the computational efficiency of urban flood mod-
els consists in using subgrid modelling techniques, in which the computation is per-
formed on a relatively coarse grid while information on the sub-grid scale topography is
preserved [8]. Porosity shallow-water models are a promising sub-grid modelling tech-
nique for large-scale urban flood modelling [9, 10], as CPU times two to three orders of
magnitude smaller than standard shallow-water models were reported [11-13]. Over the
last two decades, rapid progresses have been made in the development of porosity shal-
low-water models (Figure 1).
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Figure 1. Number of papers included in this review as a function of the publication year.

Therefore, it is deemed timely to conduct a review of the many recent contributions in the
field. Half of the studies included in this review were published over the last five years.

Porosity shallow-water models are based on a relatively coarse computational mesh,
while so-called porosity parameters are introduced to account for topographic information
available at a subgrid scale [9, 10]. This approach is similar to common practice in model-
ling of flow in porous media, such as in groundwater modelling [33].

The presence of obstacle, such as buildings, in an urban environment has a threefold
effect on the flow: they reduce the volume available for water storage; they channelize the
flow along directional pathways defined by the arrangement of the obstacles; and they
induce flow resistance due to various mechanisms such as wakes [14]. The first effect is
reproduced by means of a storage porosity parameter, which indicates the fraction of space
available for mass and momentum storage. In all models, this storage porosity is consist-
ently evaluated as the ratio of the volume of void in-between obstacles to the volume of a
considered control volume. The other effects are accounted for in various ways, such as
by means of additional porosity parameters characterizing the flow conveyance along
specific directions [9, 11, 14, 17, 18], or through directional flow resistance terms expressed
in tensor form [34, 43].

Many flood models were developed based on the concept of porosity, but they vary
greatly in terms of conceptual, mathematical and numerical formulations. As highlighted
in Table 1,

e porosity parameters are defined either as statistical descriptors of the urban
area at large scale [10, 15] or from local geometric features [9, 11, 16];

¢ models include either a single [10, 15] or multiple porosity parameters [9, 11,
14,17, 18];

o effect of porosity in model fluxes and source terms is either isotropic [10, 15]
or anisotropic [9, 11, 12, 14, 16, 17, 19, 20];

e porosity parameters are either depth-independent [9-11, 18] or depth-de-
pendent [12, 19, 20];

e models are expressed in differential [10, 15, 16] or in integral form [9, 11];

Besides, the underlying flow model may correspond to the complete shallow-water
equations (dynamic wave) [9-12, 14, 15, 19, 20] or to an approximation thereof such as the
diffusive wave [21-23].

Table 1. Dualities in existing porosity models.

Porosity as a statistical descriptor [10, 15] Porosity as a deterministic geometric parameter [9, 11, 16]

Single porosity parameter [10, 15]
(e.g., conveyance porosity equal to storage porosity)

Multiple porosity parameters [9, 11, 14, 17, 18]

Isotropic porosity effects [10, 15]

Anisotropic porosity effects [9, 11, 12, 14, 16, 17, 19, 20]

Depth-independent porosity [9-11, 18]

Depth-dependent porosity [12, 19, 20]

Model expressed in differential form [10, 15, 16]

Model expressed in integral form [9, 11]

Numerical scheme limited to subcritical flow [17] Shock-capturing schemes [9-12, 14, 15, 19, 20]

Shallow-water (dynamic wave) [9-12, 14, 15, 19, 20]

Diffusive wave approximation [21-23]

Isotropic flow resistance [e.g., 6]

Directional flow resistance [34, 43]
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Figure 2. Articulation between selected major contributions to the development of porosity shallow-water models for large-scale urban flood modelling.
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84 Specific features are included in some models, such as separate flow paths within a single
85 cell thanks to a multi-layered approach [21] or a multiple porosity model [18]. With this
86 review, the aim of the authors is to help the reader navigate through those various formu-
87 lations of porosity shallow-water models for large-scale urban flood modelling.
88 In Section 2, we define the porosity parameters based on a control volume of rele-
89 vance for urban flood modelling. As suggested by Table 1, there are multiple possibilities
90 for classifying existing porosity shallow-water models. We opted for organizing the re-
91 view in two steps. Section 3 presents models in which porosity parameters are defined as
92 statistical descriptors over an area sufficiently large to be representative of the urban area
93 at a large scale, whereas models which consider porosities defined based on local geomet-
94 ric parameters are detailed in Section 4. Figure 2 provides a schematic representation of
95 the articulation between the major contributions to the field. They are all organized
96 around a handful of landmark papers, as detailed in the following sections. Finally, Sec-
97 tion 5 draws attention to recommended directions for future research.
98 2. Control volume and porosity parameters
99 Almost all porosity shallow-water models aim at resolving the flow variables in av-
100 erage over a certain region of space. Hence, in the first place, these models are derived by
101 integrating the flow governing equations over a control volume, as detailed in Appendix
102 A of [10] or in [9]. A control volume of relevance for urban flood modelling is sketched in
103 Figure 3. It is characterized by the presence of rigid obstacles (e.g., buildings) and water
104 in-between. The control volume is delimited downward by the bottom elevation, upward
105 by the water surface and laterally by vertical boundaries. The total volume of the control
106 volume shown in Figure 3 is noted V, while Vy is the part of V filled with water (Figure
107 3a). Similarly, the contour of Vis noted 0V, while dVis the part of oV through which water
108 can be exchanged (Figure 3b). The projection of the control volume on the horizontal plane
109 x-y is noted Q, while, for a given arbitrary elevation z, the part of Q corresponding to voids
110 is Qr (Figure 3c). The contour of Q is noted 0Q, while 9Q) is the part of 0Q through which
111 fluid can be exchanged (Figure 3d).
112 Note that depending on the particular type of porosity shallow-water model, the con-
113 trol volume shown in Figure 3 may correspond to a computational cell [9, 11], or to a much
114 wider area (e.g., a representative elementary volume, as discussed in Section 3) .
115 Two types of porosities are used in porosity shallow-water models. First, the storage
116 porosity, ¢, quantifies the volume of voids, i.e. the volume actually available to store water
117 mass and momentum. For a given water level z in a control volume, the storage porosity
118 is expressed mathematically as ¢(z) = V¢(z) / V(2) [12, 19, 20]. As highlighted by [20], this
119 definition of ¢ as a function of z is not univocal. It requires an assumption on the shape of
120 the free surface. This shape is often assumed horizontal in the control volume [20].

c) , d)
121 Top view Top view
122 Figure 3. Sketch of a control volume and (a) the part Vroccupied by water, (b) the fluid-fluid ex-
123 change boundary 0V}, (c) a horizontal surface at a given level z and its part occupied by water €,

124 as well as (d) the fluid-fluid exchange border 0y of the horizontal surface.
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Table 2. Nomenclature used in existing research to denote storage and conveyance porosities.

Parameter reflecting storage capac- |Parameter reflecting fraction of space avail-
Context References o
ity in control volumes able for flow conveyance
[1, 2, 6-8] Storage porosity Conveyance porosity
Depth-independent po-|  [9-11] Storage (or areal) porosity Connectivity (or frontal) porosity
rosity model 12, 13] 1 - BCR, with BCR = building cover-| 1 — CRF, with CRF = conveyance reduction
’ age ratio factors
[5, 14]
Depth-dependent po- [15-18] Volumetric porosity Areal porosity

rosity model

When the obstacles may be considered prismatic for the range of water depths of
interest, and that none of them is submerged, the ratio of the volumes Vyand V becomes
independent of the level z. Consequently, the following alternate definition was exten-
sively used when referring to depth-independent storage porosity: ¢=Qs/ Q [9-11, 15].

The conveyance porosity, y, quantifies the fraction of space available for mass and mo-
mentum exchange. Unlike the storage porosity, there is not a single clear-cut geometric
definition of y. Depending on the models, the conveyance porosity is defined either sta-
tistically [10, 15], or locally at the cell boundary (y(z) = 0V¢(z) / dV(z), or =09/ 0Q in the
depth-independent case) [9, 11], or at the level of a computational cell (and not just its
boundary) [16]. The motivations for these various choices as well as their implications on
model accuracy and mesh sensitivity are discussed in Section 4.

Note that care must be taken to the nomenclature, as the wording “storage” and “con-
veyance” porosity was not used uniformly across past studies (Table 2). Particularly, the
conveyance porosity is also referred to as connectivity porosity, or areal porosity, among
other terms.

3. Models based on the concept of representative elementary volume
3.1. Representative elementary volume

Pioneering work on porosity shallow-water models was done by Defina et al. (1994)
[30], with the objective of improving the numerical treatment of wetting and drying fronts
when solving the full shallow-water equations. Their approach was later improved by
Defina (2000) [31] and Bates (2000) [32]. In these models, the porosity was considered var-
iable with the water depth because it was used as a statistical descriptor of sub-grid micro-
topographic features, and not of buildings. Later, the concept of porosity was transposed
to urban flood modelling as a building treatment method [10].

The reasoning underpinning the first porosity shallow-water models consists in ide-
alizing the urban area as a fictitious continuum, in which the flow properties are described
by statistical averages at a scale much larger than the scale of individual obstacles and
pathways; but also sufficiently small compared to the extent of the whole urban area. This
type of approach is widely used for modelling flow in porous media [33], such as in
groundwater modelling, and it relies on the concept of representative elementary volume
(REV). In general terms, the REV is defined as the smallest control volume for which the
statistical properties of the porous medium become independent of the size of this control
volume [33]. As pointed out by [18], in the case of a two-dimensional shallow flow model,
the REV should normally be called representative elementary area [17]; but the terminol-
ogy REV is preserved here for the sake of consistency with most previous studies [9, 18].
We consider thus “two-dimensional REVs”.

Provided that it exists in the considered medium, a REV can be defined around any
arbitrary point (x,y), irrespective of the positioning of this specific point in water or in an
obstacle (Figure 3). Indeed, in all cases, the porosity parameters can be evaluated as aver-
ages over the REV, which is much wider than the individual obstacles. It results that, in
the REV, the mathematical expectation that a particular point is located in water or in a
building is ¢ and 1 — ¢, respectively.
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168 3.2. Single porosity model

169 By phase-averaging the standard shallow-water equations over a REV containing
170 fluid and obstacles, porosity shallow-water equations were derived by Guinot and Soares-
171 Frazao (2006) [10] (Figure 2). They considered the porosity as depth-independent since it
172 is used to represent the effect of buildings (assumed tall compared to the flow depth) and
173 not of micro-topographic features. In general, phase-averaging the shallow-water equa-
174 tions leads to two types of porosity parameters as previously defined: one expressing the
175 available space for mass and momentum storage (¢), and the other one referring to the
176 space available for mass and momentum exchange (). However, the authors of the first
177 models of this type assumed that y= ¢ [10]. This is the reason why this kind of model is
178 called single porosity model (SP model).

179 In a perspective of space-averaging over a REV, a uniform porosity value was gener-
180 ally assigned to the computational cells in the urban area. This choice of a uniform poros-
181 ity value makes the model unable to reproduce preferential flow directions resulting from
182 directional pathways induced by the buildings arrangement at the subgrid scale. The the-
183 oretical wave celerities are identical to those of the standard shallow-water equations [10,
184 11].

185 The model of Guinot & Soares-Frazao (2006) is expressed in differential form [10].
186 Indeed, flow variables (flow depth and depth-averaged velocities) associated to an arbi-
187 trary location (x,y) represent an average of the corresponding flow property over a control
188 volume whose centroid is located at the coordinates (x,y). For sufficiently large control
189 volumes (i.e., at minimum equal to the REV), the geometric properties and the flow vari-
190 ables averaged over these control volumes are continuous, differentiable and independent
191 of the specific size chosen for the control volume. A practical advantage of this is that
192 those models do not show an over-sensitivity to the design of the computational mesh.
193 This also relates to the fact that a uniform porosity value was generally assigned to the
194 computational cells in the urban area, no matter how much space is actually occupied by
195 obstacles in each individual cell [34].

196 Note that, in real-world urban areas, a REV usually does not exist as it would extend
197 beyond the limits of the urban area itself. Nevertheless, based on computational examples,
198 Guinot (2012) [18] highlights that porosity approaches may nonetheless deliver results of
199 practical relevance even for domain sizes smaller than that of the REV. The reason for this
200 is that the errors arising from the porosity evaluation are commensurate with the degree
201 of precision of other parameters or input data in shallow-water models [18].

202 The resolution of the SP model was performed with several numerical schemes based
203 on the finite volume technique [35, 36] and the use of various types of Riemann solvers
204 [10, 15, 37-41]. Although the SP model was written in differential form, an integral form
205 of the equations was solved numerically since finite volume schemes were used.

206 3.3. Introducing anisotropy: directional drag, multiple porosity model and non-uniform porosity
207 When the SP model is used with a uniform value of porosity throughout the urban
208 area, a major limitation of such a modelling strategy is its inability to represent direction-
209 ality [18]. The need for considering two different porosities (storage and conveyance) was
210 pointed out by Lhomme (2006) [42]. However, although two distinct parameters were for-
211 mally introduced in the governing equations, they were given equal values and no insight
212 was given on how to infer the value of the conveyance porosity from the geometry of the
213 building footprints [42].

214 First attempts to introduce anisotropy in the SP model were made through the source
215 term representing buildings drag. Indeed, two types of momentum losses are usually in-
216 cluded in the SP model: those due to bottom and sidewall friction, as well as losses in-
217 duced by the interplay occurring between the flow and the obstructions not explicitly re-
218 solved (e.g., wave reflections, building wakes ...). In the first implementations of the SP
219 model, the formulation of the corresponding additional sink term was isotropic and the
220 associated coefficients were taken equal along the x and y directions and evaluated by

221 Borda-like formulations (for the case of a regular grid of buildings) [10, 15] or through
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222 calibration [40]. In contrast, Velickovic et al. (2017) [34] represented directional effects by
223 introducing a tensor of drag coefficients and amplification coefficients depending on the
224 flow direction. The formulation was later questioned by Guinot (2017) [26], and the use of
225 Borda-like formulae was also invalidated [18]. Similarly to [34], a tensor form was used
226 by [43] to model directional flow resistance in the case of overland flow and shallow in-
227 undation in agricultural landscapes.

228 Separately, Guinot (2012) [18] introduced anisotropy in a REV-based model by de-
229 composing the domain into five types of regions: obstacles, regions with stagnant water,
230 regions of isotropic 2D flow, several regions characterised by anisotropic 1D flow and
231 interconnections between the 1D anisotropic flow regions. The immobile regions may be
232 used to represent wakes of buildings. The different regions exchange mass and momen-
233 tum as a function of local differences in water levels. Hence, flow exchange coefficients,
234 instead of drag coefficients, need to be calibrated. In each type of region, a specific formu-
235 lation of the porosity shallow-water equations is used. This approach is called multiple
236 porosity model (MP model) and is reported to give more accurate results than the SP model
237 [18]. Unlike in the SP model, the theoretical wave celerities in the MP model differ from
238 those in the standard shallow-water equations. The MP model of Guinot (2012) [18] may
239 be reduced to an isotropic dual porosity formulation if only obstacles, stagnant water and
240 2D isotropic flow regions are considered.

241 While most studies based on the SP model used a uniform value of porosity in the
242 whole urban area, several authors [25, 52, 53] demonstrated the viability of finite volume
243 schemes for the solution of SP models with a local storage porosity defined at the level of
244 computational cells, regardless of the conceptual problems linked to the REV definition.
245 Considering a porosity value variable from one cell to another in the SP model enables
246 reproducing preferential flow paths, and hence anisotropy. These models can be regarded
247 as particular applications of the binary single porosity model recently proposed by Varra
248 et al. (2020) [24] and described in Section 4.4.

249 4. Models involving porosity derived from local geometric parameters

250 4.1. Integral porosity model

251 Another line of research was also followed for the development of porosity shallow-
252 water models. Along this line, the concept of REV is not used and the equations are written
253 in integral form for a control volume which is either taken equal to a computational cell
254 [9], or arbitrary (i.e. irrespective of a particular discretization) [11, 20]. The main motiva-
255 tion for this approach was to overcome the theoretical limitation related to the inexistence
256 of a REV in most real-world urban areas, as well as the inability of the SP model to repro-
257 duce directional effects.

258 In a landmark paper, Sanders et al. (2008) [9] used Reynolds transport theorem and
259 a binary density function to derive a macroscopic form of mass conservation and momen-
260 tum equations, called the integral porosity model (IP model). In these equations, written in
261 integral form, both storage and conveyance porosities are involved. The storage porosity
262 ¢is computed in a similar manner as in the SP model, but considering one computational
263 cell instead of the REV as control volume. The conveyance porosity y is defined as the
264 fraction of a boundary of a computational cell, which contributes to mass and momentum
265 exchange. Sanders et al. (2008) [9] indicate how to compute this parameter from geospatial
266 data such as classified aerial imagery or a digital elevation model and vector data describ-
267 ing building footprints.

268 Although the IP model was originally written in integral form, deriving a differential
269 analogue is useful for checking numerical convergence and for evaluating the wave celer-
270 ities [18]. In a first attempt to do so, several authors estimated that the theoretical wave
271 celerities of the IP model differ from those of the standard shallow-water equations [11,
272 25, 42]. In particular, they concluded that the conveyance porosity y;, which accounts for
273 building obstruction to the flow, must be smaller than the storage porosity ¢, otherwise
274 wave celerities larger than in the case without obstruction would be obtained, which ap-

275 pears unphysical [11, 26]. Nonetheless, this constraint was recently questioned by Varra



Water 2021, 13, x FOR PEER REVIEW 8of 13

276 et al. (2020) [24], who proposed another differential equivalent of the IP model, as detailed
277 in Section 4.4. According to [24], the differential analogues considered earlier cannot be
278 used to evaluate wave celerities of the IP model.

279 Unlike the single porosity in the SP model, both the storage and the conveyance po-
280 rosities introduced by [9] are defined locally at the level of computational cells or cell
281 boundaries. Additionally, the conveyance porosity of [9] depends on the orientation of
282 the cell boundary, which enables anisotropy of the urban area to be accounted for. These
283 features make the model of [9] more accurate [13, 25] and more suitable than the SP model
284 for reproducing directional effects induced by obstructions not explicitly resolved in the
285 computations; but it makes also this model over sensitive to the mesh design [18, 27].
286 Guidelines were formulated and assessed for designing suitable meshes.

287 A so-called gap-conforming mesh is recommended [9] to capture the anisotropy of ur-
288 ban networks through the conveyance porosity parameters, by ensuring that computa-
289 tional edges intersect indeed the obstacles. However, these guidelines for mesh design do
290 not fix completely the mesh over-sensitivity of the IP model and are not applicable to all
291 types of meshes (e.g., Cartesian) [6, 9, 27]. A technique consisting in merging computa-
292 tional cells with low porosity values was proposed by [44] for the case of Cartesian grids.
293 To account for head losses induced by subgrid-scale buildings, the IP model uses a
294 quadratic drag expression in the model equations [9]. It involves a drag coefficient and
295 the projected area of the obstructions as seen by an observer moving along the flow direc-
296 tion. In general, these quantities are both direction- and flow-dependent; but a single sca-
297 lar value was used by [9]. Determining these values for real-world applications is not
298 straightforward. For the case of a field test with complex building geometry and topo-
299 graphic variations, a simplified version of the building drag term was tested by [6]: the
300 flow-direction dependence of the frontal area of obstructions was ignored and this quan-
301 tity was computed as the average of the frontal area of obstructions over the directions of
302 all cell boundaries.

303 Ozgen et al. (2016) [12, 19] proposed an extension of the IP model, in which the stor-
304 age and conveyance porosities are depth-dependent. Approaches similar to that of Sand-
305 ers et al. (2008) [9] and Ozgen et al. (2016) [12] were adopted in multiple other studies,
306 which account for obstruction-induced effects on storage and conveyance at the level of
307 each computational cell [4, 8, 21-23, 28, 29, 45-49]. Various approximations of the shallow-
308 water equations were used in these studies (e.g., diffusive wave), and the storage and
309 conveyance properties were generally considered as depth-dependent. For pluvial flood-
310 ing applications, Chen et al. (2012) [22] derived an integral porosity model based on a
311 diffusive wave approximation. No building drag term was considered. Representing sep-
312 arate flow paths within a single cell of a Cartesian grid was made possible in an upgraded
313 version of the same model [21]. This feature is based on a multi-layered approach, and it
314 shows similarity with the MP model [18].

315 4.2. Dual integral porosity model

316 In another landmark paper, Guinot et al. (2017) [11] derived the dual integral porosity
317 model (DIP model) considering an arbitrary control volume (not necessarily linked to a
318 computational cell). The DIP model is an extension of the IP model, which aims at correct-
319 ing discrepancies between wave celerities obtained from the IP model and from refined
320 calculations based on the standard shallow-water equations. Compared to the IP model,
321 the DIP model contains three major conceptual improvements: (i) porosity and flow vari-
322 ables are defined separately for control volumes and boundaries, and a closure scheme is
323 proposed to link control volume-based and boundary-based quantities; (ii) a new transi-
324 ent momentum dissipation mechanism active for positive waves is introduced; and (iii)
325 an anisotropic drag force model is formulated.

326 As shown by [18], when a positive wave propagates in an urban area, wave reflec-
327 tions occur against the buildings and generate moving bores. The forces exerted by the
328 building walls are opposed to the average flow velocity and thus contribute to dissipate

329 momentum. Similar bores do not occur in the case of steady flow nor for decreasing water
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330 levels [18]. This momentum dissipation mechanism cannot be described by an equation
331 of state, i.e. involving only the flow variables. Hence, it cannot be reproduced by means
332 of a building drag term [20]. Therefore, Guinot et al. (2017) [11] introduced this dissipation
333 mechanism directly in the fluxes of the model, by means of a tensor whose elements need
334 to be calibrated. It is active only under transient conditions involving positive waves (ris-
335 ing water levels).

336 Note that the closure scheme proposed by Guinot et al. (2017) [11] leads to using only
337 the storage porosity in the continuity fluxes. This contrasts with the original IP model; but
338 it makes the new continuity equation consistent with that originally derived by Defina
339 [31]. For the DIP model to be well-posed, it is necessary that the conveyance porosity is
340 lower than the storage porosity, as mentioned above for the IP model [26].

341 Based on a set of 96 benchmarks, enabling direct validation of flux closures and
342 source terms, the DIP model was shown to outperform the IP and SP models [26]. The DIP
343 model was also shown to be substantially less sensitive to mesh design than the IP model
344 [27]. Similarly to the extension brought by [12] to the IP model, Guinot et al. (2018) [20]
345 proposed a new formulation of the DIP model, in which the porosities are depth-depend-
346 ent and the model is adapted to handle submerged obstructions. In this study, the supe-
347 riority of the DIP model over the IP model is confirmed and the transient momentum
348 dissipation mechanism is shown to be essential [20].

349 4.3. Alternate uses and definitions of conveyance porosities

350 In an effort to further reduce the model sensitivity to the design of the mesh, Viero
351 (2019) [17] implemented a dual porosity model, in which the conveyance porosity is not
352 evaluated locally at the cell interfaces but at the level of each computational cell, and it is
353 defined along mutually orthogonal principal directions. It is assumed that water flows
354 through the narrowest cross-section over the computational cell, as already assumed by
355 [44] among others. This is justified by the occurrence of most dissipation at locations
356 where velocity is the largest, and by the fact that the effective length of the narrowest
357 section is longer than its geometric length due to the jet developing downstream of a con-
358 traction [17]. Unlike previous implementations of the IP and DIP models using collocated
359 finite volume schemes, a finite element scheme was used on a staggered unstructured
360 mesh [17]. Tests against refined numerical solutions and experimental data suggest that
361 the model sensitivity to the mesh design is acceptable in the tested configurations.

362 With the same objective of further reducing model mesh sensitivity, Ferrari et al.
363 (2019) [14] considered an isotropic single porosity formulation for the fluxes and used
364 anisotropic conveyance porosities to estimate flow resistance by means of a directionally
365 dependent tensor formulation. Like in [17], the effective velocity for evaluating losses is
366 determined from the narrowest cross-section in the considered urban district. The authors
367 conclude that the model is not oversensitive to mesh resolution and design; but they call
368 for more research on the determination of the conveyance porosity for real-world urban
369 areas. This issue has been addressed by Ferrari & Viero (2020) [16], who detail an algo-
370 rithm for computing distributed cell-based conveyance porosities as needed in the dual
371 porosity models. It is based on the analysis of the footprints of buildings and obstacles on
372 Cartesian grids, and uses mutually orthogonal principal directions. This approach per-
373 forms well in the presence of a single dominant obstacle in the cell; but not with multiple
374 obstacles. Therefore, more research is needed regarding the modelling of conveyance po-
375 rosity.

376 4.4. Binary single porosity model

377 In a recent theoretical contribution, Varra et al. (2020) [24] introduced the binary single
378 porosity model (BSP model), a novel local, differential porosity model formulation derived
379 regardless of the existence of a REV. The BSP model adopts the same mathematical for-
380 mulation as the SP model, the REV-based porosity parameter of the SP model being re-
381 placed by a binary indicator (equal to unity in the water and to zero in the obstacles).

382 Therefore, derivatives in the BSP differential form must be understood in the sense of
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383 generalized functions (distributions). The IP model may be recovered from the BSP model
384 by integration in space. As the derivation of the BSP model does not involve space aver-
385 aging, the flow variables are pointwise and not space averaged values.

386 Varra et al. (2020) [24] claim that a suitable Riemann solver has the potential to take
387 into account energy loss due to wave reflections, hence reducing the need to resort to ad-
388 ditional drag terms. Also, additional stationary dissipation is needed through porosity
389 reductions in supercritical flow.

390 Despite encouraging results obtained so far with the dual porosity models [11, 17, 20,
391 26, 27], Varra et al. (2020) [24] indicates that the use of different storage and conveyance
392 porosities in the mathematical model formulation in differential form violates the Galilean
393 invariance, and that the difference between storage and conveyance porosities arises in
394 the numerical discretization but should not be introduced in the model mathematical for-
395 mulation. This further emphasizes the need for additional research on the modelling of
39 anisotropic conveyance effects in porosity shallow-water models.

397 5. Directions for further research

398 This paper reviews the various porosity shallow-water models developed so far for
399 large scale urban flood modelling. Two main families of porosity models can be distin-
400 guished depending on the scale at which porosity parameters are determined (REV-based
401 porosity vs. porosity derived from local geometric data). Recent developments have been
402 numerous, and they have addressed multiple aspects of the models, such as more physi-
403 cally-grounded modelling of momentum dissipation mechanisms, enhanced determina-
404 tion of conveyance porosities, strategies to mitigate mesh over-sensitivity of integral po-
405 rosity models, or new insights into the theoretical formulation of the models.

406 Despite many efforts devoted to the formulation of models for building drag and
407 other dissipation mechanisms, none of the current models is complete [26]. There are still
408 gaps in knowledge regarding not only the calibration but also the structure of dissipation
409 mechanism models adapted to porosity shallow-water equations for large scale urban
410 flood modelling. This calls for more research on both the conceptual and numerical as-
411 pects [24].

412 Recent advances in porosity models were not all evaluated based on the same test
413 cases. This may influence conclusions drawn on the models performance such as accuracy
414 or degree of mesh sensitivity. The scientific community would highly benefit from the
415 setup of a series of accepted benchmarks against which every new contribution could be
416 assessed. This would take the form of an evolving, shared database of test cases as it does
417 exist in other fields. Such test cases should incorporate a blend of idealized, synthetic [50]
418 and fully realistic configurations, including high quality field observations of flow depth
419 and velocity. Particularly valuable are direct evaluations of flux and source terms [26], as
420 well as disentangling structural, scaling and porosity model errors [13].

421 The transfer of porosity shallow-water models from research to practice poses spe-
422 cific challenges [4]. Guidelines should be developed to enable practitioners to achieve op-
423 timal mesh design and model calibration. However, a general methodology for model
424 parametrization for real-world urban areas remains a research question. Strategies could
425 be elaborated for calibrating porosity models using fine scale reference model runs over
426 only a limited domain, or for optimally combining porosity and detailed models using
427 domain decomposition or nested models.

428 Flow modelling results are often used as input for complementary analyses, such as
429 damage modelling, solute [29] or sediment transport and morphodynamic modelling. It
430 is therefore necessary to assess whether the porosity models succeed in predicting, at the
431 right scale, the flow variables needed for these complementary analyses and which post-
432 processing steps may be necessary [51].

433 Supplementary Materials: -
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