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Abstract

Physically-consistent quantification of flood risks in global models requires

kilometer scale flood simulations using 2D physics schemes, both of which

are unavailable in the current generation Earth System Models. In this work,

we have developed the River Dynamical Core (RDycore), which is an open-

source, 2D shallow water equation library for the Energy Exascale Earth

System Model (E3SM). RDycore uses PETSc and libCEED libraries to run

efficiently on CPUs and GPUs. RDycore was validated for analytical, man-

ufactured, and a well-studied dam break problem. For a problem with 471
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million grid cells, RDycore achieves a speedup of 6.6x and 7.6x on GPUs com-

pared to CPUs on Perlmutter and Frontier supercomputers, respectively. The

one-way E3SM-RDycore coupling is demonstrated by performing multiple

5-day flooding simulations during Hurricane Harvey driven by five precipita-

tion datasets. The work presented here is the foundational step in providing

hardware and algorithmic portability for simulating kilometer-scale river dy-

namics within E3SM.

Keywords: Shallow water equations, Heterogeneous computing

architectures, River modeling, Flood simulations

1. Introduction

Flooding accounted for the largest fraction (44%) of weather-related dis-

aster events from 2000-2019 and also affected the most number of people

(1.6 billion) worldwide [1]. The number of global extreme flood events has

steadily increased between 1985 and 2019 [2]. As of 2024, nine of the ten most

expensive billion-dollar weather and climate disasters in the United States

involved flooding, with an estimated cost between $46.3Bn and $200Bn [3].

The drivers of flooding include extreme precipitation, river flow, and coastal

storm surges that lead to pluvial, fluvial, and coastal flooding, respectively

[4]. The flood risk can be compounded by the joint occurrences of flood

drivers, such as the interaction between storm surge and river discharge at

the land-ocean boundary [5].

The flooding risk is expected to increase in many regions of the world [6].

More moisture can be held by the atmosphere at higher temperatures, which

has been shown to increase, intensify, and prolong extreme precipitation
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events in future climate projections [7]. The flood risk due to rain-on-snow

events increases at high elevations and latitudes in a warmer climate as more

precipitation falls as rain rather than snow on existing snowpack, causing it

to melt [8]. The coastal flooding risk increases exponentially due to sea level

rise (SLR) [9], and even the Tropics, with smaller wave heights, are expected

to experience a greater increase in flooding frequency due to SLR [10]. The

probability of compound flooding due to tropical storms and storm surges in

urban coastal areas has also increased [11].

However, the current-generation Earth System Models (ESMs) cannot

accurately quantify the local risk of flooding because of the use of simplified

physics schemes and coarse spatial resolution in their river model. ESMs,

including the Energy Exascale Earth System Model (E3SM), routinely use a

one-dimensional (1D) river routing scheme that simulates the one-way water

transport through a river network from the land to the ocean [12, 13]. Such

models only account for the transport within the main river channel that

has a representative channel geometry and the spatial extent of the fluvial

flooding when the river overflows its bank is computed using a floodplain

elevation profile derived from a digital elevation model (DEM) at finer reso-

lution [14]. Recently, the E3SM model components were extended to allow

for the two-way exchange of water between the land-river [15] and river-

ocean [16] components, though the physics within the river model remained

1D. Furthermore, the typical spatial resolution of the land and river compo-

nents of ESMs participating in the Coupled Model Intercomparison Project

Phase 6 (CMIP6) was 100 km, and the High Resolution Model Intercompar-

ison Project (HighResMIP) for CMIP6 had a target resolution of 25-50km.
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However, policymakers need information about flood risk at or finer than

kilometer scale (k-scale) [17]. With the recent advances in high-performance

computing, the spatial resolution of ESMs is increasing to k-scale. A set of

40-day simulations was performed at 1 and 3.25 km in the atmosphere com-

ponent of E3SM [18], a 30-day simulation with 5.5 km was performed using

the LASG/IAP climate system ocean model version 3 [19], and an 8 month

coupled simulation with resolution ranging from 2.8km (atmosphere) to 4km

(ocean) was performed using ECMWF’s IFS [20]. These global simulations

are the first steps toward century-long climate simulations at the k-scale.

Uncoupled to ESMs, high-fidelity hydrodynamic models have been ap-

plied at k-scale or finer spatial resolution to provide the risk of future flood-

ing. The application of the Two-Dimensional Runoff Inundation Toolkit for

Operational Needs (TRITON) [21], a 2D structured grid SWE model, showed

that future warming would lead to a larger maximum inundation extent for

a Harvey-like hurricane [22]. A modified version of LISFLOOD-FP [23] that

accounted for storm surge and rainfall intensity was applied to quantify the

compound flooding risk in New York City due to storm surge and rainfall

during tropical and extratropical cyclones [11]. LISFLOOD-FP has also been

applied to predict fluvial, pluvial, and coastal flood risk in the US [4] and

UK [24] under current and future climate. Recently, global flood inundation

maps were developed using LISFLOOD-FP at an unprecedented 30 m spatial

resolution and simulated future change in fluvial, pluvial, and coastal flood-

ing [25]. Instead of performing a single global LISFLOOD-FP simulation at

30 m, the global river network and coastline were broken into overlapping

independent domains, and simulations were performed for ten annual flood
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return periods. [25] reported that these simulations took “several months to

compute on a cluster consisting of 2500 computational cores.”

The increase in the computational cost associated with using a high-

fidelity hydrodynamic model at k-scale within an ESM can be offset by us-

ing computational libraries that efficiently utilize heterogeneous computing

architectures of Exascale class supercomputers. Homogeneous CPU-based

supercomputers are transitioning to heterogeneous computing architectures

that include CPUs and GPU accelerators; thus, the new model developments

must include support for GPUs for longevity. Presently, the U.S. Depart-

ment of Energy’s supercomputers at the National Energy Research Scientific

Computing Center (NERSC), the Oak Ridge Leadership Computing Facil-

ity (OLCF), and the Argonne Leadership Computing Facility (ALCF) have

GPU accelerators from different vendors. The Perlmutter supercomputer at

NERSC has NVIDIA GPUs, the Frontier Exascale supercomputer at OLCF

has AMD GPUs, and the Aurora Exascale supercomputer at ALCF has In-

tel GPUs. Currently, there are many GPU programming models, such as

Kokkos [26], RAJA [27], CUDA [28], ROCm [29], and OpenCL [30], and a

few 2D SWE models have used these programming languages to add support

for GPUs. For example, HiPMS [31], TRITON, and LISFLOOD-FP 8.1 [32]

use CUDA to include support for NVIDIA GPUs, while SERGHEI-SWE [33]

uses Kokkos to support GPUs from multiple vendors. While some previously

mentioned programming languages can provide hardware portability, higher

level abstractions are required for applications to achieve algorithmic porta-

bility. Thus, hydrodynamic models must natively implement spatial and tem-

poral discretization approaches for solving SWE. Numerical libraries such as
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the Portable Extensible Toolkit for Scientific computation (PETSc) [34] and

the library for Code for Efficient Extensible Discretization (libCEED) [35]

can provide hardware and algorithmic portability. PETSc includes support

for NVIDIA, AMD, and Intel GPUs [36] and the time-stepping object, TS, in

PETSc provides multiple algorithms for ordinary differential equations and

differential algebraic equations. libCEED provides fast element-based alge-

braic computation for CPUs and GPUs, and uses just-in-time compilation to

choose the appropriate GPU back-end. The joint use of PETSc and libCEED

has been previously used in a solid mechanics application for solving prob-

lems with up to 1.9 billion unknowns and scalable performance is achieved

by ensuring all data remains on GPU during a solve [37].

This work aims to develop a SWE-based river model for E3SM to ac-

curately model pluvial, fluvial, and coastal flooding while efficiently using

heterogeneous computing architectures. In this study, we developed a stan-

dalone open-source, 2D SWE-based river dynamical core (RDycore) library

for E3SM that supports structured and unstructured grids. RDycore uses

first-order finite volume spatial discretization and explicit time integration

to solve the discretized equations. PETSc and libCEED are used to provide

RDycore with hardware and algorithmic portability. The numerical imple-

mentation of RDycore was verified gainst both analytical and manufactured

solutions. Additionally, RDycore was benchmarked against existing SWE

models for the well-studied Malpasset dam break problem. The computa-

tional performance of RDycore was studied for a problem with 1.4 billion

unknowns on Perlmutter and Frontier. The initial integration of the RDy-

core library within E3SM was completed, and the flooding simulation during
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Hurricane Harvey was used to benchmark the model integration against a

previously published study [38]. The model developed in this study provides

the foundation for E3SM to use a scalable and hardware-agnostic approach

to accurately resolve multiple types of flooding globally at k-scale.

2. Numerical Formulations and Implementation of RDycore

In this section, we describe the numerical discretization of the 2D SWE

implemented in RDycore, the software framework used for developing the

RDycore library, how numerical libraries provide hardware and algorithmic

portability, and the initial coupling of RDycore within E3SM. The 2D SWE

numerical discretization implemented in RDycore is based on the approach

used in the Overland Flow Model (OFM) [39] with one exception. The

correction terms for the momentum equations for well-balancing [40] that is

included in OFM, is presently not included in RDycore. The parallel version

of OFM uses PETSc to run on multiple CPUs [2], however, the joint use of

PETSc and libCEED allows RDycore to run on CPUs and GPUs.

2.1. Governing Equations and Numerical Discretizations

The conservative form of the 2D SWEs that are solved in RDycore are

given by
∂U

∂t
+

∂E

∂x
+

∂G

∂y
= Sr + Sb + Sf (1)

where x and y represents the Cartesian space, t represents the time domain,

U is the conservative flow vector, E and G are the flux vectors in x- and

y-direction, respectively, Sr is the source term for water associated with the

runoff production, Sb is the source term for momentum due to bed slope, and
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Sf is the source term for momentum due to bed friction. The conservative

flow vector is

U⊺ =
[
h hu hv

]⊺
(2)

where h is the water height, u is the velocity in x-direction, and v is the

velocity in y-direction. The flux vectors in x- and y-direction are given as

E⊺ =
[
hu hu2 + 1

2
gh2 huv

]⊺
(3)

G⊺ =
[
hv huv hv2 + 1

2
gh2

]⊺
(4)

where g is the gravity acceleration. The three source terms in equation 1 are

given as

Sr
⊺ =

[
R 0 0

]⊺
(5)

Sb
⊺ =

[
0 −gh ∂z

∂x
−gh∂z

∂y

]⊺
(6)

Sf
⊺ =

[
0 −CDu

√
u2 + v2 −CDv

√
u2 + v2

]⊺
(7)

where R is the total runoff rate, z is the bed elevation, CD = gn2/h
1
3 is the

drag coefficient, and n is the Manning’s coefficient.

RDycore uses the finite volume scheme for spatially integrating equation 1

over an arbitrary two-dimensional control volume Ωi with a boundary dΩi:∫
Ωi

∂U

∂t
dΩ +

∫
Ωi

∂E

∂x
dΩ +

∫
Ωi

∂G

∂y
dΩ+ =

∫
Ωi

(Sr + Sb + Sf ) dΩ

d

dt

∫
Ωi

UdΩ +

∮
dΩi

(Edy −Gdx) =

∫
Ωi

(Sr + Sb + Sf ) dΩ

d

dt

∫
Ωi

UdΩ +

∮
dΩi

(−→
F · −→n

)
dl =

∫
Ωi

(Sr + Sb + Sf ) dΩ

Ai
dUi

dt
+
∑
j

(
−→
F ij · −→n ij)Lij = SriAi + SbiAi + SriAi (8)
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where Ai is the area of the i-th control volume, Lij is the length of the edge

shared by i-th and j-th control volumes,
−→
F ij is the flux vector between i-

th and j-th control volumes, and −→n ij is the outward pointing unit vector

between i-th and j-th control volumes. RDycore adopts the Roe’s Riemann

solver to compute the flux vector (Appendix A), and spatial discretization

of the source terms and boundary conditions can be found in Appendix B

and Appendix C, respectively. The spatially discretized 2D SWE given by

equation 8 is temporally integrated using forward Euler time integration,

except the bed friction term, which uses semi-implicitly discretization as

denoted by t∗ for numerical stability, and can be written as

Ut+1
i −Ut

i

∆t
= −

∑
j

(−→
F t

i,j · −→n i,j

)(Li,j

Ai

)
+ Sr

t
i + Sb

t
i + Sf

t⋆
i (9)

The temporal discretization scheme used in RDycore is presented in Ap-

pendix D.

2.2. Software Development Framework of RDycore

RDycore is developed as a numerical library rather than a model to fa-

cilitate easy integration into existing numerical models. Like many DOE-

funded model development projects, RDycore follows an open-source, open-

development policy that allows public access to release and development ver-

sions of the code. RDycore is available at https://github.com/rdycore/

rdycore under a 2-clause BSD license. The library is written in C and in-

cludes Fortran bindings for coupling with ESMs that are typically written

in Fortran. A CMake-based build system allows RDycore to run on ma-

chines ranging from personal laptops to DOE’s leadership-class computing

facilities. Automated unit testing, integration testing, and code coverage
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reporting provide quality control on new model developments. Simulation

input is structured using YAML, which can be easily generated and parsed

with readily available tools. Structured and unstructured meshes are sup-

ported. RDycore’s unstructured mesh can include any mix of triangles and

quadrilaterals. RDycore uses PETSc’s DMPlex object for mesh management

[41, 42] ParMETIS for parallel domain decomposition [43]. RDycore can read

meshes from files in the Exodus II [44] format, as well as PETSc’s DMPlex

HDF5 [45, 46] format. DMPlex’s HDF5 format is more appropriate for larger

meshes, since this format allows a mesh to be read in parallel, resulting in

faster simulation startup times. Checkpoint and restart capabilities are in-

cluded for long-running simulations. RDycore provides a simple but effective

mechanism for running ensembles within a single job without requiring ex-

ternal workflow tools. RDycore supports 32-bit and 64-bit integer indices,

allowing for simulations with billions of unknowns. User, technical, and de-

veloper guides are available at https://rdycore.github.io/RDycore/.

2.3. Hardware and Algorithmic Portability in RDycore

The combined use of PETSc and libCEED enables RDycore to run effi-

ciently at scale on CPUs and GPUs, including those from NVIDIA, AMD,

and Intel. PETSc’s TS provides RDycore with multiple explicit time in-

tegration methods such as forward Euler and Runge-Kutta (RK) schemes,

including those with strong stability-preserving methods. An RDycore simu-

lation is first spatially decomposed across multiple CPUs using the Message

Passing Interface (MPI). In simulations using GPUs, a single GPU is mapped

to a single MPI rank.

An example of an idealized mesh containing 3×2 (= 6) grid cells with
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natural cell IDs of grid cells N0 – N5 is shown in Figure 1(a). The example

mesh is decomposed across two MPI ranks and the grid cells present locally

on MPI ranks 0 and 1 are shown in gray and yellow respectively. In addition

to locally owned grid cells, each MPI rank also has halo grid cells, e.g. N2

and N5 on MPI rank 0 and N1 and N4 on MPI rank 1. On each MPI

rank, the grid cell IDs are numbered locally, starting with L0 (Figure 1(b-

c)). RDycore’s mesh data structure stores information about internal edge

connections between two cells (shown in red) and boundary edge connections

between a cell and a boundary (shown in blue). The internal edges between

locally owned cells and a halo cell are present only on one of the MPI ranks.

For example, internal edges between N1–N2 and N4–N5 are only present on

MPI rank 0.

In order to understand the use of PETSc and libCEED, RDycore’s spa-

tially discretized SWE given by the equation 9 can be written as:

dU

dt
= G(t,U) ≡ RHSFunction (10)

where G, a nonlinear function of U, includes fluxes through internal and

boundary edges, and the three source terms. One provides a C function to

compute G, RHSFunction, to PETSc’s TS operator. This function is evalu-

ated multiple times per timestep depending on the selected method of tem-

poral integration. While PETSc includes native support for multiple GPU

back-ends within the time integration algorithms, the RDycore assumes re-

sponsibility for performing the function evaluation on the GPU itself, to

avoid the cost of transferring data between the CPU and GPU.

We use libCEED in RDycore to evaluate RHSFunction in a hardware-

agnostic manner. In this case, the evaluation of the function is performed
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by three CeedOperators: one to compute fluxes through internal edges, an-

other to compute fluxes through boundary edges, and a third to compute

source terms. These calculations are indicated by blue, green, and pink boxes

in Figure 1(d-f). Each CeedOperator consists of (1) an ElemRestriction

that describes the local grid cell IDs for each algebraic expression, and

(2) a QFunction that defines the algebraic expression. For example, the

CeedOperator on MPI rank 1 associated with the flux through an internal

edge has a single ElemRestriction that corresponds to grid cells L0 and

L1 (Figure 1(f)). The associated QFunction named SWEFlux Roe solves an

approximate Roe Riemann problem using grid cell values left (L0) and right

(L1) of the internal edge. RDycore supports critical outflow and reflective

wall boundary conditions, which can be applied to different boundary edges

of the mesh (as shown in the green box of Figure 1(e-f)).

A key feature of PETSc and libCEED is the ability to select an algo-

rithm and the hardware (CPU or GPU) at runtime without requiring code

to be recompiled. Appending -ceed /gpu/cuda -dm vec type cuda to the

RDycore’s run command instructs PETSc and libCEED to use the CUDA

back-ends for NVIDIA GPUs, while HIP for AMD GPUs can be selected

via -ceed /gpu/hip -dm vec type hip. Similarly, time integration algo-

rithms such as forward Euler, RK, or strong stability preserving RK can be

selected by setting the runtime option -ts type to be euler, rk, and ssp,

respectively.

2.4. One-way Coupling of RDycore with E3SMv2

E3SM is a state-of-science ESM that aims to efficiently use DOE’s scien-

tific technology for providing a robust actionable prediction of Earth system

12



N0 N1 N2

N3 N4 N5

(a) Mesh decomposed across 
two MPI ranks 

(b) Mesh on MPI rank 0 (c) Mesh on MPI rank 1
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SWEBoundaryFlux_Outflow_Roe()L0—E1
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L1
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SWESourceTerm( )
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L2 L0

L3 L1

E0

E2

E5

E1
E4

(e) CeedOperators on MPI rank 0 (f) CeedOperators on MPI rank 1

# Flux through internal edges

# Flux through boundary edges

# Source term

=
dXi

dt kint

∑        × Li, kint  
)(Fi, kint

Ai

L0—E0
L1—E4
L2—E8

  L3—E11
SWEBoundaryFlux_Reflecting_Roe() L0—E0

L1—E5 SWEBoundaryFlux_Reflecting_Roe()

Figure 1: An overview of the joint use of PETSc and libCEED to solve RDycore’s

discretized SWE. (a) A schematic representation of a mesh consisting of six grid cells with

cell IDs in “natural” order from N0 to N5. The mesh is decomposed across two MPI

ranks, with cells owned by MPI rank 0 and 1 shown in gray and yellow, respectively.

(b-c) The portion of the mesh present on each MPI ranks with owned cells (shown with

gray or yellow boxes) and halo cells (shown with unfilled boxes). The cell IDs are in the

“local” order starting with L0. The mesh contains internal edges between cells (shown

in red) and boundary edges (shown in blue). The edges present on each MPI rank are

shown with bold black lines. (d) RDycore’s spatially discretized SWE can be split into

three terms representing fluxes through internal edges, fluxes through boundary edges, and

source terms. The flux through an edge is computed using the Roe approximate Riemann

solver. (e-f) CeedOperators with element restrictions (ElemRestriction) and QFunctions

on each MPI rank corresponding to the three terms of the spatial discretization. An

outflow boundary condition is applied on the east and west boundary of the mesh. A

reflective boundary condition is applied on the north and south boundary. An additional

description of CeedOperators is presented in Section 2.3.

13



MOSART 
Placeholder mesh

RDycore mesh

EAM

MPAS-OMPAS-
Seaice

E3SM
COUPLER

ELM

RDycore

GPU or

DLND mesh

MOSART

(a) E3SMv2 — RDycore Coupling (b) E3SMv2—RDycore Simulation Configuration

Figure 2: An overview of E3SM–RDycore coupling. (a) The components of E3SMv2

include models for the atmosphere (EAM), land (ELM), river (MOSART), ocean (MPAS-

O), and sea ice (MPAS-Seaice). E3SM coupler exchanges fluxes and states between the

components. RDycore is coupled within E3SMv2 as part of MOSART and can be turned

on/off for a simulation. (b) The E3SMv2–RDycore coupling is tested in the data land

(DLND) configuration. In a simulation with RDycore, a placeholder MOSART mesh

must be used at the same or coarser resolution as RDycore’s mesh. DLND and MOSART

run on CPUs, while RDycore can run on CPUs or GPUs.
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variability and change [47]. E3SM version 2 (E3SMv2) includes models for

the atmosphere, land, river, ocean, and sea ice (Figure 2(a)). The typical

horizontal resolution in E3SMv2 components are 110 km in the atmosphere,

165 km in the land, 50 km in the river, and 30 – 60 km in the ocean and

sea ice. The E3SM coupler exchanges state variables and fluxes between dif-

ferent components. The land component of E3SM (E3SM Land Model, or

ELM), was developed based on the Community Land Model 4.5 [48], while

the river component of E3SM uses the Model for Scale Adaptive River Trans-

port (MOSART) [13]. MOSART first routes the surface runoff from ELM

across the hillslope to tributaries. Then the discharged surface runoff and

ELM’s subsurface runoff are transported via a sub-network of tributaries

to the main river channel. Lastly, the water in the main channel is trans-

ported to the ocean. The default configuration of MOSART in E3SMv2 uses

a 1D kinematic wave routing method. Other relevant E3SM modeling ca-

pabilities that are supported in specific E3SM configurations include a 1D

diffusion wave routing scheme for backwater effects and floodplain inundation

in MOSART [14], two-way interaction between MOSART and ELM to allow

for the infiltration of floodplain inundated water within ELM’s soil column

[15], and the two-way interaction between MOSART and ocean component

(MPAS-O) for simulating compound flooding [16].

Our long-term goal is to add RDycore as an independent component

within E3SM that communicates directly with the E3SM coupler. However,

in this initial work, we have developed a one-way coupling between RDycore

and E3SMv2 in which RDycore becomes part of MOSART. A placeholder

MOSART mesh must be used (Figure 2(b)). The meshes of MOSART and
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RDycore can be decomposed differently across CPUs. The MOSART place-

holder mesh is registered with the E3SM Coupler to receive total runoff from

the land model. Unlike MOSART, RDycore does not differentiate between

surface and subsurface runoff, so the total runoff rate is used in the calcula-

tion of Sr in Equation 5. In addition to active components, E3SM supports

a “data mode” for various components in which the model states and/or

fluxes are read from files and sent to the E3SM coupler. In this work, we

have used the data land (DLND) configuration to test the RDycore coupling

with E3SMv2 for flooding during Hurricane Harvey. A detailed description of

this configuration is described later in Section 3.4. Lastly, while the DLND

and MOSART can only use CPUs, RDycore can use CPUs or GPUs via

runtime options.

3. Verification and Validation

3.1. Problems With Analytical Solutions

Two idealized 1D dam break problems over a frictionless bed with analyti-

cal solutions described in the Shallow Water Analytic Solutions for Hydraulic

and Environmental Studies (SWASHES) [49] were used to verify RDycore.

A 1D bed of length L with a flat bottom has an initial water discontinuity

located at x0 that is given by

h(x) =

hl for 0 ≤ x ≤ x0

hr for x0 < x ≤ L

(11)

with hl and hr are initial water height [m] and hl ≥ hr. The water on either

side of the dam is initially at rest (i.e., u(x) = 0 ms−1). The two verification
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cases correspond to a dry and wet domain right of the dam, respectively.

The parameters common to both cases are hl = 0.005 m, x0 = 5 m, and

L = 10 m. The values of hr for the dry and wet domain cases are 0.0 and

0.001 m, respectively. For each case, RDycore simulations were performed

for four successively refined grids containing 100, 1000, 10000, and 100000

quadrilateral elements. The analytical solutions of the water height and

water velocity for the two cases are provided in Appendix E. The L1 and L1

errors for water height and momentum between the simulated and analytical

solutions were computed using the following equations:

L1 =
1

Ω

N∑
n=1

|usim,n − uana,n|ωn (12)

L2 =

(
1

Ω

N∑
n=1

|usim,n − uana,n|2ωn

)1/2

(13)

where usim,n and uana,n are the simulated and analytical water height or

momentum for the n-th cell, ωn is the area of the n-th cell, and Ω is the area

of the whole domain. Additionally, a convergence rate, R, is computed based

on L1 error norm and grid spacing, ∆x, at two mesh resolutions, k1 and k2,

using the following equation:

R = log

(
(L1)k1
(L1)k2

)/
log

(
∆xk1

∆xk2

)
(14)

As the number of grid points is increased, the agreement between sim-

ulated and analytical solutions improves for the two problem types (Figure

3). The L1 and L2 error norms decrease for water height and momentum for

the two problem types as the mesh is refined (Table 1). The value of R is
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Figure 3: The comparison between analytical solution and RDycore simulation of (a-b)

water height and (c-d) velocity in x-direction for the 1D dam break problem for the dry

and wet bed case as described in Section 3.1.
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Table 1: The error norms, L1 and L2, and the estimated convergence rate, R, for RDycore-

simulated water height, h, and momentum in x-direction, hu, for the 1D dry and wet

frictionless dam break problems from SWASHES.

Problem type N L1(h) L2(h) R(h) L1(hu) L2(hu) R(hu)

Dry dam break

100 4.54e-04 2.81e-04 - 8.05e-05 5.29e-05 -

1,000 1.15e-04 8.03e-05 0.60 2.19e-05 1.73e-05 0.57

10,000 2.01e-05 1.73e-05 0.76 3.93e-06 3.94e-06 0.75

100,000 2.62e-06 2.85e-06 0.88 5.95e-07 6.50e-07 0.82

Wet dam break

100 6.47e-04 4.38e-04 - 1.11e-04 8.63e-05 -

1,000 1.09e-04 1.29e-04 0.77 1.85e-05 2.68e-05 0.78

10,000 1.67e-05 4.29e-05 0.81 2.99e-06 1.03e-05 0.79

100,000 2.58e-06 2.73e-05 0.81 5.76e-07 6.08e-06 0.72

slightly lower than the theoretically expected value of 1.0 for first-order spa-

tial discretization method; however, the R value reported here agrees with

those obtained by SERGHEI-SWE, which similarly uses first-order spatial

discretization. The average R values for height obtained by SERGHEI-SWE

for the wet dam break problem was 0.81 [33]. The errors are expected to be

larger for the dry dam break case than the wet dam break due to the sharp

wet-dry transition.

3.2. Method of Manufactured Solutions

The Method of Manufactured Solutions (MMS) is a code verification tech-

nique that does not require a problem to have an analytical solution, but

rather “manufactures” a solution for the verification problem [50]. Sym-

bolic manipulation of the governing equations is performed for the given
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Verification via the Method of Manufactured Solutions (MMS)
Example of a MMS problem in an input file

that is read by RDycore using muParser
Error Convergence(f)  Input YAML file of RDycore’s MMS driver lists 

the manufactured solutions and their derivatives

Figure 4: An overview of MMS framework used for verifying RDycore. (a-e) The manu-

factured solutions used for verifying RDycore as given by equations 15–19. (f) A snippet

of the input YAML file for RDycore’s MMS driver showing the manufactured solutions

and their derivatives that is parsed using muparser.
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manufactured solution to obtain analytical expressions for the corresponding

boundary conditions and source terms. A numerical simulation using those

boundary conditions and source terms, along with an initial condition corre-

sponding to the manufactured solution, is expected to produce results that

match the manufactured solution. The difference between the simulation

result and the manufactured solution is then used to verify the model’s nu-

merical implementation. An advantage of MMS is that it not only allows for

variables of the governing equations to vary in space and time, but it can also

accommodate variations in model parameters. The MMS requires manufac-

tured solutions to vary smoothly in space and time, so the derivatives of such

solutions are continuous in space and time. MMS also requires the numerical

model to support spatially varying initial conditions and spatiotemporally

varying boundary conditions and source terms. The MMS technique has

been previously used to verify the physics scheme of a standalone library for

ELM for the transport of water through the soil–root–xylem continuum and

water and energy transport in the subsurface [51].

The manufactured solutions used for verifying RDycore has spatiotempo-

rally varying water height and water velocities in x- and y-direction, along

with spatially varying bed elevation and Manning’s roughness coefficient that

are given as:
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h = H

[
1 + sin

(
πx

Lx

)
sin

(
πy

Ly

)]
exp

(
t

T

)
(15)

u = U cos

(
πx

Lx

)
sin

(
πy

Ly

)
exp

(
t

T

)
(16)

v = V sin

(
πx

Lx

)
cos

(
πy

Ly

)
exp

(
t

T

)
(17)

z = Z sin

(
πx

Lx

)
sin

(
πy

Ly

)
(18)

n = N

[
1 + sin

(
πx

Lx

)
sin

(
πy

Ly

)]
(19)

where H = 0.005 m, U = 0.025 ms−1, V = 0.025 ms−1, T = 20.0 s, Z =

0.0025 m, N = 0.01 [-], and Lx = Ly = 5 m.

The manufactured solutions at t = 0 are shown in Figure 4(a-e). The

source terms for SWE corresponding to the abovementioned manufactured

solution requires computing the derivatives of those five variables with re-

spect to x, y, and t. The input YAML file for the RDycore’s MMS driver lists

the manufactured solutions and their derivatives. and the muparser (https:

//github.com/beltoforion/muparser) is to parse those mathematical ex-

pressions into code Figure 4(f). The source terms for SWE are presented in

Appendix F.

RDycore was verified by computing L1, L2, and L∞ error norms for water

height and momentum in two directions. The simulations were performed

at four successively refined grids with equal grid spacing in both directions,

which were 0.5, 0.25, 0.125, and 0.0625 m. Error convergence was estimated

by fitting a regression line between the observed error and grid spacing.

All three error norms decrease as the mesh is refined (Figure 5a-c). The
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Figure 5: The L1, L2, and L∞ norm for RDycore’s simulated (a) water height, (b) momen-

tum in x-direction, and (c) momentum in y-direction for the 2D manufactured problem

described in Section 3.2.

error convergence rate of L1 and L2 norms is close to the expected value

of 1.0 for the three prognostic variables, while the error convergence of the

L∞ norm is slightly lower. These expected error convergence rates provide

confidence that the numerical discretizations are correctly implemented in

RDycore library.
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Figure 6: An overview and results for the Malpasset dam break problem. (a) Topog-

raphy and the location of gauges within study domain. (b) Initial water height for the

simulations. RDycore simulated water height using the TELEMAC mesh at (c) time =

2000 sec and (d) time = 4000 sec. TELEMAC simulated water height at (e) time = 2000

sec and (f) time = 4000 sec.
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3.3. Malpasset Dam Break Problem

The Malpasset dam break problem is a widely used test case for bench-

marking 2D SWE models [52, 33]. The Malpasset dam was located on the

Reyran River, about 12 km upstream of Frejus in southern France, and it

failed in December 1959, causing more than 400 casualties. The topography

of the computation domain and the location of nine gauges are shown in Fig-

ure 6(a), while the initial water height is shown in Figure 6(b). The RDycore

simulation for this problem was compared with previously published results

using TELEMAC [53] and PIHM Hydro [52]. The two published studies used

triangular meshes containing 26,000 (TELEMAC) and 38,136 (PIHM Hydro)

triangular elements. RDycore simulations were compared with each model

using the mesh used in its simulation. The time step and simulation duration

for RDycore simulations were 0.01 sec and 4000 sec, respectively. The simu-

lated maximum inundated depth for all three models was evaluated against

observations at the multiple gauge sites using statistical metrics such as bias,

root mean square error (RMSE), and coefficient of determination (R2).

After the dam breaks, the water floods the domain from left to right. The

spatial distribution of water height at 2000 and 4000 sec simulated by RDy-

core (Figure 6(c-d)) agrees well with TELEMAC (Figure 6(e-f)). Compared

to observations at the nine gauges, the RDycore performance is comparable

for TELEMAC and PIHM Hydro for the three statistical metrics (Table 2).

The bias and RMSE of RDycore’s results is smaller than that of TELEMAC.

PIHM Hydro, which uses the second-order spatial discretization method, has

a smaller bias but a larger RMSE as compared to RDycore. The R2 of all

three models against observations is close to 1.0. These results give con-
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Table 2: Bias, RMSE, and R2 of the maximum water surface elevation simulated by

RDycore, TELEMAC, and PHIM Hydro as compared to observations for the Malpasset

dam break problem.

TELEMAC
RDycore using

PHIM Hydro
RDycore using

TELEMAC grid PHIM Hydro grid

Bias [m] -1.25 -1.12 -1.31 -1.55

RMSE [m] 3.80 3.32 3.55 3.24

R2[−] 0.99 0.99 0.99 0.99

fidence in RDycore’s ability to accurately perform flooding simulations for

real-world settings.

3.4. Flooding During Hurricane Harvey

Hurricane Harvey made landfall near Houston, Texas, on late August 25,

2017 as a category 4 hurricane. It was one of the most destructive storms that

caused extensive flooding with dozen of US Geological Survey (USGS) river

gauges recording return period flows greater than 1 in 100 years [54]. We ap-

ply the one-way E3SMv2 – RDycore coupling to simulate flooding in Houston

during Hurricane Harvey using the finest resolution simulation configuration

described in [38]. The RDycore mesh contains ≈2.9 million triangular grid

cells that was generated by splitting the uniform 30 m quadrilateral cells

into two along the diagonal, resulting in an effective resolution of ≈21 m

(=
√
(30 ∗ 30)/2) m. The elevation of the study domain is shown in Figure

7a. A set of five E3SM – RDycore simulations were performed using five

precipitation datasets that included (i) Multi-Radar Multi-Sensor System

(MRMS), (ii) North American Land Data Assimilation System (NLDAS),
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Figure 7: (a) Elevation for the study domain based on 30 m DEM with two regions

outlined with black lines. Region-1 includes two flood control dams, and Region-2 encom-

passes the main river channel closer to the watershed outlet. (b) Cumulative rainfall over

the study period for the five precipitation datasets.
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(iii) DAYMET, (iv) Integrated multi-satellite retrievals for global precipita-

tion measurement (IMERG), and (v) Multi-Source Weighted-Ensemble Pre-

cipitation (MSWEP). The precipitation datasets were converted from native

spatio-temporal scales to hourly, 1 km datasets as described in [38]. The

MRMS and MSWEP datasets had the largest and smallest cumulative rain-

fall during the study period (Figure 7b). The E3SM – RDycore simulations

were performed for 5 days starting 26 August and used the DLND configura-

tion. We assumed all precipitation during the event resulted in runoff. The

water height from the USGS gauge 08074710, a tidal stream gauge, was used

for prescribing a boundary condition at the watershed outlet. Additional de-

tails about the precipitation datasets and boundary conditions are presented

in [38]. The outflow from the watershed and the maximum inundation height

during the event were compared against the results obtained using the OFM

used in [38].

The simulated maximum water height (Hmax) during Hurricane Harvey

shows a spatially varying pattern (Figure 8). Large portions of the domain

are inundated with water behind the two flood control dams (Figure 8b),

while the largest value of Hmax is in the river’s main channel (Figure 8c). The

spatial pattern of simulated Hmax is similar for all five precipitation datasets

(Figure 9). Highest Hmax values are obtained for the simulation with MRMS,

and this result is consistent with the MRMS having the highest cumulative

rainfall over the study period. The comparison of E3SM–RDycore simulated

Hmax against OFM results [38] reveals high agreement between the two mod-

els with low error (bias and RMSE) and high R2 for all five precipitation

datasets (Figure 10). The small differences between the two models can be
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Figure 8: RDycore simulated maximum water height (Hmax) during Hurricane Harvey

using the precipitation from MRMS. (a) Hmax for the entire domain, while (b) and (c)

show Hmax for the two regions shown by the black lines in (a).

attributed to the following two factors. First, while both models used hourly

precipitation datasets, E3SM–RDycore internally performed a linear tempo-

ral interpolation scheme. Second and more importantly, OFM includes the

flux correction scheme of [40] that efficiently ensures a hydrostatic balance

for the lake at rest case without requiring second-order spatial discretization.

We additionally performed short 2-hour long E3SM–RDycore simulations

using CPUs and GPUs on Perlmutter and Frontier, and a detailed description
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Figure 9: RDycore simulated maximum water height during Hurricane Harvey using the

precipitation from (a) MRMS, (b) NLDAS, (c) DAYMET, (d) IMERG, and (e) MSWEP.
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Figure 10: Same as Figure 9, except difference in the maximum water height simulated

by RDycore and OFM.
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of those systems is presented in Section 4. These simulations used a single

compute node on each machine, which meant using 128 CPUs vs 4 GPUs

on Perlmutter and 56 CPUs vs 8 GPUs on Frontier. A routine performance

metric to measure the cost of E3SM simulations is the Simulated Year Per

Day (SYPD), which corresponds to the number of years that will be simulated

if the model runs uninterrupted for one day. The SYPD of simulations using

CPUs were 0.06 (Perlmutter) and 0.03 (Frontier). The SPYD increased to

0.90 (Perlmutter) and 0.63 (Frontier) when GPUs were used, resulting in an

overall speedup of 15x (Perlmutter) and 21x (Frontier).

4. Computational Performance of RDycore on Heterogeneous Com-

puting Architectures

The effective use of hardware is critical in the efficient use of DOE hard-

ware acquisitions and strong and weak scaling are common metrics for per-

formance analysis. We performed a strong scaling performance analysis of

RDycore for the flooding during Hurricane Harvey by using a fixed prob-

lem size and measuring the time spent in time integration as the number

of CPUs or GPUs was increased. Unlike the simulation setup described in

Section 3.4 that used 30 m Digital Elevation Model (DEM), a 3 m DEM from

the National Elevation Dataset [55] was used here. Each quadrilateral DEM

cell was split into four triangles, resulting in a 2D mesh with an effective

resolution of 1.5 m ( =
√

(3 ∗ 3)/4 m) that contained 471 million grid cells

and 1.4 billion unknowns.

Model performance using CPUs and GPUs was evaluated on Frontier and

Perlmutter machines, which are the second fastest and nineteenth fastest
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supercomputers in the world as of November 2024, respectively https://

top500.org/lists/top500/list/2024/11/. The Frontier machine has com-

pute nodes that contain one 64-core AMD EPYC CPU and four AMD

MI250X GPUs, each with two Graphics Compute Dies (GCDs) for a to-

tal of eight GCDs per node. On the other hand, the Perlmutter machine

has two types of compute nodes: (1) CPU nodes with two 64-core AMD

EPYC 7763 CPUs per node, and (2) GPU nodes with one 64-core AMD

EPYC 7763 CPU and four NVIDIA A100 Tensor Core GPUs. These studies

use the optimal number of CPU cores per node, 56 and 128 on Frontier and

Perlmutter, respectively. RDycore simulations on GPUs were configured to

associate one MPI rank with one GPU. Thus, 8 and 4 MPI ranks per node

were used on Frontier and Perlmutter, respectively. After reading metadata

such as the mesh and material parameters, 8000 time steps of an explicit

time integrator were processed and measured with PETSc TSStep timers.

No model output was written out during the 8000 time steps. The model

was run on both machines using 5, 20, 80, and 320 compute nodes. The

performance was computed as the number of grid cells advanced per second.

The multiple GPU backends are supported in libCEED. The “shared” mem-

ory backed uses optimized element operations (using GPU shared memory,

which is explicitly-managed memory accessible from all threads in a thread

block) and a work array that is accumulated into cells using a separate kernel.

In contrast, the “gen” backend fuses all operations into a single kernel and

uses atomic “fetch and add” operations to accumulate into cells. The order

of accumulation is non-deterministic with “gen”, and since floating point ad-

dition is not associative, the results are not deterministic. Using the shared
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memory for libCEED’s operation ensures the results are deterministic, but

the performance would be lower. For GPUs, we performed simulations with-

out and with shared memory for libCEED to quantify the decrease in model

performance to ensure the results are deterministic. The computational per-

formance of RDycore simulations for the three set of hardware configurations

on the two machines are summarized in Table 3 and presented in Figure 11.

First, RDycore’s CPU performance on both machines continues to in-

crease as the number of compute nodes is increased (blue lines in Figure 11),

and the speedup was ≈4x as the number of compute nodes was quadrupled

(Table 3 fourth column). Second, the GPU performance of RDycore while us-

ing libCEED without shared memory was higher than using shared memory

(red lines compared yellow lines in Figure 11), and the average performance

reduction when using shared memory was 0.69x and 0.85x on Perlmutter and

Frontier, respectively. Third, RDycore’s GPU performance also increases as

the number of compute nodes increases; however, at 320 compute nodes,

the performance increased only by an average of 1.9x and 1.3x when com-

pute nodes were quadrupled from 80 as indicated by significant deviation

of red and yellow lines from dashed black lines in Figure 11 Fourth, based

on performance at 80 nodes, about a minimum of 6 million cells per node

(= 471 M cells/80 nodes) is needed on GPUs to remain efficient. Fifth,

RDycore is faster on GPUs than CPUs on both machines, with the highest

(lowest) speedup of 32.9x (6.6x) and 41.9x (7.6x) across all compute notes

on Perlmutter and Frontier, respectively.
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Figure 11: Strong scaling performance of RDycore for the 471 million grid cells Hurricane

Harvey problem on (a) Perlmutter and (b) Frontier. The three solid lines represents model

performance on CPU, GPU without shared memory, and GPU with shared memory, while

the dashed lines represent ideal scaling. The results presented here are summarized in

Table 3.
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5. Conclusions and Outlook

In this work, we present the development of RDycore, a 2D SWE model

with support for heterogeneous computing architecture, for E3SM to model

pluvial, fluvial, and compound flooding. The combined use of PETSc and

libCEED provides RDycore hardware and algorithmic portability. The new

model is verified for problems with analytical and manufactured solutions

and benchmarked against other SWE models for the Malpasset dam break

problem and flooding during Hurricane Harvey. The computational perfor-

mance of RDycore was assessed on Perlmutter and Frontier for a problem

with 471 million grid cells on up to 320 compute nodes. The initial one-way

coupling of RDycore into E3SM was achieved by introducing RDycore as a

part of E3SM’s existing river component.

We next summarize potential future developments to RDycore’s existing

physics scheme, numerical implementation, and coupling with other compo-

nents within E3SM. Appropriate well-balancing should be added in RDy-

core’s physics scheme, and such an extension could be based on one of many

existing approaches [40, 56, 57]. Specifically, an algorithm to track wet/dry

fronts on arbitrary topography should be included in the next version of

RDycore, and such an algorithm can be based on the volume-free surface re-

lationship method [58, 59] or piecewise linear reconstruction of water surface

in partially wet cells [60, 61]. At smaller water depths, the bed friction source

term becomes large as it includes water height in the denominator, causing

explicit time integration methods to take a small time step to ensure numeri-

cal stability. Various approaches have been previously developed to deal with

the stiffness of the bed friction term [52, 62] and the use of such approaches
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in improving RDycore’s simulations must be explored. The numerical im-

plementation of RDycore should be enhanced by allowing the shared edges

between local and halo cells to be present on both MPI ranks, allowing the

streamlining of per-timestep MPI communication and potentially increasing

computational performance.

The current coupling of RDycore within E3SM could be improved in

the following ways. RDycore should be added as a independent compo-

nent within E3SM to significantly improve its adoption within the E3SM

research community. A standalone RDycore simulation can simultaneously

apply source and boundary conditions that are spatially and temporally vary-

ing. Thus, a RDycore standalone simulation can simulate various flooding

types due to pluvial, fluvial, and costal processes, as well as compound flood-

ing arising due to any combination of the three types of floodings. However,

the current coupling of RDycore in E3SM is limited to a single component,

which is DLND, and only includes one-way interaction. The coupling of

RDycore should be extended to support more components such as the data

ocean (DOCN) and active component models (i.e, ELM and MPAS-O). Even

with one-way coupling of RDycore with DLND and DOCN, the model will

be enabled to simulate compound flooding due to the interaction among all

three types of aforementioned floodings types. For the case of active land

and ocean components, the RDycore coupling should be extended to include

two-way interactions. Our previous works that developed two-way coupling

between land-river [15] and river-ocean [16] components of E3SM will serve as

building blocks for developing the two-way coupled ELM–RDycore–MPAS-

O configuration within E3SM. Typically, the coupling between the river and
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ocean components in ESMs is done only at the single grid cell representing

the mouth of the river [63, 64, 16, 65, 66], and such an approach is accept-

able for coarser scale models. RDycore, which is applicable at sub-kilometer

scales, can capture the dynamic interaction between river and ocean along

the whole coastline. In order to support the coupling between RDycore and

MPAS-O along the coastline, we will leverage our previously developed ELM

and DOCN coupling along the coastline [67].

The work presented here provides a foundation for studying compound

flooding within E3SM using a higher fidelity river model. Furthermore, the

use of scalable and hardware-agnostic approaches allows for the possibility

of performing global river simulations at k-scale.
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Appendix A. Spatial discretization of the flux vector

The normal flux across an edge, F⊥, is computed using an approximate

Roe’s Riemann solver and is given as

−→
F · −→n ≈ F⊥ =

1

2

(
F⊥,L + F⊥,R − R̂|Λ̂|∆V̂

)
(A.1)

where L and R denote the cells on the left and right of an edge, F⊥ is scalar

flux, R̂ are the right eigenvectors and Λ̂ are the absolute eigenvalue of the

Jacobian of F⊥. The ∆V̂ is defined as L̂ (UR −UL) where L̂ are the left

eigenvectors and (UR −UL) denote the finite difference of U across the edge.

The various terms of the approximate Roe’s Riemann solver in Equation A.1

are given by
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F⊥ =


hu⊥

huu⊥ + 1
2
gh2 cosϕ

hvu⊥ + 1
2
gh2 sinϕ

 (A.2)

R̂ =


1 0 1

û− â cosϕ − sinϕ û+ â cosϕ

v̂ − â sinϕ cosϕ v̂ + â sinϕ

 (A.3)

|Λ̂| =


|û⊥ − â|∗ 0 0

0 |û⊥| 0

0 |û⊥ + â|∗

 (A.4)

∆V̂ =


1
2

(
∆h− ĥ∆u⊥

â

)
ĥu∥

1
2

(
∆h+ ĥ∆u⊥

â

)

 (A.5)

where u⊥(= u cosϕ+ v sinϕ) is the velocity perpendicular to the edge, u∥(=

−usinϕ + vcosϕ) is the velocity parllel to the edge, ϕ is the angle between

the face normal and the x axis, and a is the celerity of a simple internal

wave. The quantities denoted with a hat symbol in Equation A.3-A.5 are
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Roe averages that are computed as

ĥ =
√

hLhR (A.6)

û =

√
hLuL +

√
hRuR√

hL +
√
hR

(A.7)

v̂ =

√
hLvL +

√
hRvR√

hL +
√
hR

(A.8)

â =

√
g

2
(hL + hR) (A.9)

The asterisks in Equation A.4 denote that the eigenvalues λ̂1 = û⊥ − â and

λ̂3 = û⊥ + â are adjusted since Roe’s method does not provide correct flux

for critical flow. The adjusted eigenvalues are given by

λ̂∗
1 =

(
λ̂1

)2
∆λ1

+
∆λ1

4
if −∆λ1/2 < λ̂1 < ∆λ1/2 (A.10)

λ̂∗
3 =

(
λ̂3

)2
∆λ3

+
∆λ3

4
if −∆λ3/2 < λ̂3 < ∆λ3/2 (A.11)

where ∆λ = 4(λR − λL)

Appendix B. Spatial discretization of the bed and friction source

terms

The spatial discretization of the bed slope source term for the momentum

in x-direction given in Equation 6 is computed via

∫
Ωi

−gh

(
∂z

∂x

)
dΩ = −ghi

(
∂z

∂x

)
i

Ai (B.1)
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where
(

∂z
∂x

)
i
is the average bed slope for i-th triangular cell in x-direction

and that is computed using Green’s theorem as(
∂z

∂x

)
i

=
(yi,2 − yi,0)(zi,1 − zi,0)− (yi,1 − yi,0)(zi,2 − zi,0)

(yi,2 − yi,0)(xi,1 − xi,0)− (yi,1 − yi,0)(xi,2 − xi,0)
(B.2)

where subscript 0 denote cell centroid, while subscripts 1, 2, and 3 denotes

cell vertices in counter-clockwise direction. The spatial discretization of the

bed slope source term for the momentum in y-direction and the average

bed slope in the y-direction can be computed similarly. For a quadrilateral

control volume in RDycore, the average slope in each direction is computed

by splitting a quadrilateral into four triangles and computing the mean of

the average slope for the four triangles.

The spatial discretization of the bed friction source term for the momen-

tum in x-direction given in Equation 7 is∫
Ωi

CDu
√
u2 + v2dΩ = CDui

√
u2
i + v2iAi =

(
gn2

i

h
1/3
i

)
(hu)i
hi

√
u2
i + v2iAi (B.3)

Appendix C. Supported boundary conditions

RDycore supports reflective wall and critical flow boundary conditions

(Figure C.12). For both these two types of boundary conditions, the cell on

the left of a boundary edge is an internal cell and the cell on the right is a

boundary cell for which the water height and velocities in x- and y-direction

must be estimated. The implementation details for the two conditions is

presented below.

Appendix C.1. Reflective wall boundary condition

The water height of right of the edge is set to the same as water height left

of the edge. The velocity perpendicular to the edge on the right hand side
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uL

vL uL
⟂

||uL

uR

vR

uR
⟂

||uR
||uL=

= uL
⟂

ɸ

ɸ

uL

vL uL
⟂

||uL

uR

vR

ɸ

ɸ

uR
⟂ = critical_velocityL⟂

(a) Reflective boundary condition (b) Critical outflow boundary condition

Figure C.12: Treatment of boundary conditions on RDycore: (a) reflective boundary

condition and (b) critical outflow boundary condition. The cell on the left of the edge is

within the domain, while the cell on the right corresponds to the boundary cell.

is equal in magnitude, but in the opposite direction to the velocity perpen-

dicular on the left hand side of the edge, while the right hand side velocity

parallel to the edge has the same magnitude and direction as the velocity left

of the edge (Figure C.12a). Given these assumptions, the quantities on the

right hand side of the edge are given as

hR = hL (C.1)

uR = −uL
∥ sinϕ− uL

⊥ cosϕ

= −(−uL sinϕ+ vL cosϕ) sinϕ− (uL cosϕ+ vL sinϕ) cosϕ

= uL sin2 ϕ− vL sinϕ cosϕ− uL cos2 ϕ− vL sinϕ cosϕ

= (sin2 ϕ− cos2 ϕ)uL − (2 sinϕ cosϕ)vL (C.2)

vR = uL
∥ cosϕ− uL

⊥ sinϕ

= (−uL sinϕ+ vL cosϕ) cosϕ− (uL cosϕ+ vL cosϕ) sinϕ

= −uL sinϕ cosϕ+ vL cos2 ϕ− uL sinϕ cosϕ− vL sin2 ϕ

= −(2 sinϕ cosϕ)uL − (sin2 ϕ− cos2 ϕ)vL (C.3)
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Appendix C.2. Critical outflow boundary condition

The outflow from the left cell, qL, is given as

qL = hLuL
⊥ (C.4)

For critical flow, the Froude number is equal to one leading to

uR
⊥√
ghR

= 1

qR/hR√
ghR

= 1

(hR)3/2 =
qR

g1/2

hR =

((
qR
)2

g

)1/3

(C.5)

The flux across the edge is conserved, i.e., qR = qL. So, using equation C.4,

the equation C.5 can be rewritten as

hR =

((
hLuL

⊥
)2

g

)1/3

(C.6)

Again using the Froude number, the velocity perpendicular to the edge on

the right hand side is then computed as

uR
⊥ =

√
ghR (C.7)

The velocity parallel to edge on the right hand side is assumed to be zero.

Thus, the velocity in the x- and y-direction on the right hand side of the edge

is computed by projecting uR
⊥ as shown in Figure C.12b.
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uR = uR
⊥ cosϕ (C.8)

vR = uR
⊥ sinϕ (C.9)

Appendix D. Time integration of momentum equations

The temporal discretization of the friction terms uses a semi-implicit dis-

cretization in which equation B.1 is written as(
gn2

i

(ht
i)

1/3

)
(hu)t+1

i

ht
i

√
(ut

i)
2 + (vti)

2Ai (D.1)

where the superscript denotes quantities computed at time level t and t +

1. The explicit temporal discretization is used for all other terms in the

momentum equation in x-direction given in equation 9. Thus, the spatio-

temporal discretized momentum equation in x-direction is given by

hut+1
i − hut

i

∆t
= −

∑
j

(
Ft

i,j · ni,j

)(Li,j

Ωi

)
− ght

i

(
∂z

∂x

)
i

Ai

−
(

gn2
i

(ht
i)

1/3

)
(hu)t+1

i

ht
i

√
(ut

i)
2 + (vti)

2Ai (D.2)

Using algebric manupilation, the equation D.2 can be rewritten as

(hu)t+1
i − (hu)ti
∆t

= αt
i − βt

i + γt
i(hu)

t+1
i[

1 + γt
i∆t
]
(hu)t+1

i = (hu)ti +∆tαt
i −∆tβt

i[
1 + γt

i∆t
]
(hu)t+1

i =
[
1 + γt

i∆t
]
(hu)ti − γt

i∆t(hu)ti + (∆t)αt
i − (∆t)βt

i[
1 + γt

i∆t
]{(hu)t+1

i − (hu)ti
∆t

}
= −γt

i(hu)
t
i + αt

i − βt
i

(hu)t+1
i − (hu)ti
∆t

=
−γt

i(hu)
t
i + αt

i − βt
i

[1 + γt
i∆t]

(D.3)
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where

αt
i = − 1

Ai

∑
j

(
Ft

i,j · ni,j

)(Li,j

Ωi

)
(D.4)

βt
i = ght

i

(
∂z

∂x

)
i

(D.5)

γt
i =

gn2
i

√
(ut

i)
2 + (vti)

2

(ht
i)

4/3
(D.6)

Similarly, the temporal discretization of the momentum in y-direction leads

to
(hv)t+1

i − (hv)ti
∆t

=
−γt

i(hu)
t
i − αt

i − δt

[1 + γt
i∆t]

(D.7)

where

δti = ght
i

(
∂z

∂y

)
i

(D.8)

Appendix E. Analytical Solution for Dry and Wet Domains

The analytical solutions for the 1D dam break problem with dry and wet

initial conditions are given by equation 11 (Section 3.1) are presented here

for completeness. For a detailed description of these problems, the reader is

referred to SWASHES [49].

Appendix E.1. Dry Domain

h(t, x) =


hl if 0 ≤ xA(t)

4
9g

(√
ghl − x

2t

)2
if xA(t) ≤ x ≤ xB(t)

0 if xB(t) ≤ x

(E.1)
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u(t, x) =


0 if 0 ≤ xA(t)

2
3

(
x
t
+
√
ghl

)
if xA(t) ≤ x ≤ xB(t)

0 if xB(t) ≤ x

(E.2)

where xA(t) = x0 − t
√
ghl and xB(t) = x0 + 2t

√
ghl.

Appendix E.2. Wet Domain

h(t, x) =



hl if 0 ≤ xA(t)

4
9g

(√
ghl − x

2t

)2
if xA(t) ≤ x ≤ xB(t)

c2m
g

if xB(t) ≤ x ≤ xC(t)

hr if xC(t) ≤ x

(E.3)

u(t, x) =



0 if 0 ≤ xA(t)

2
3

(
x
t
+
√
ghl

)
if xA(t) ≤ x ≤ xB(t)

2
(√

ghl − cm
)

if xB(t) ≤ x ≤ xC(t)

0 if xC(t) ≤ x

(E.4)

where xA(t) = x0 − t
√
ghl, xB(t) = x0 + t

(
2
√
ghl − 3cm

)
, and xC(t) =

x0 + t

(
2c2m(

√
ghl−cm)

c2m−ghr

)
. The cm is given as the solution of −8ghrc

2
m(ghl −

c2m)
2 + (c2m − ghr)

2(c2m + ghr) = 0.
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Appendix F. Method of Manufactured Solutions

The derivatives of manufactured solutions given by equation 15-19 with

respect to x, y, and t are given below.

∂h

∂x
=

(
πh0

Lx

)
cos

(
πx

Lx

)
sin

(
πy

Ly

)
exp

(
t

t0

)
(F.1)

∂h

∂y
=

(
πh0

Ly

)
sin

(
πx

Lx

)
cos

(
πy

Ly

)
exp

(
t

t0

)
(F.2)

∂h

∂t
=

(
h0

t0

)[
1 + sin

(
πx

Lx

)
sin

(
πy

Ly

)]
exp

(
t

t0

)
=

h

t0
(F.3)

∂u

∂x
= −

(
πu0

Lx

)
sin

(
πx

Lx

)
sin

(
πy

Ly

)
exp

(
t

t0

)
(F.4)

∂u

∂y
=

(
πu0

Ly

)
cos

(
πx

Lx

)
cos

(
πy

Ly

)
exp

(
t

t0

)
(F.5)

∂u

∂t
=

u0

t0
cos

(
πx

Lx

)
sin

(
πy

Ly

)
exp

(
t

t0

)
=

u

t0
(F.6)

∂v

∂x
=

(
πv0
Lx

)
cos

(
πx

Lx

)
cos

(
πy

Ly

)
exp

(
t

t0

)
(F.7)

∂v

∂y
= −

(
πv0
Ly

)
sin

(
πx

Lx

)
sin

(
πy

Ly

)
exp

(
t

t0

)
(F.8)

∂v

∂t
=

v0
t0

cos

(
πx

Lx

)
sin

(
πy

Ly

)
exp

(
t

t0

)
=

v

t0
(F.9)

∂z

∂x
=

z0π

Lx

cos

(
πx

Lx

)
sin

(
πy

Ly

)
(F.10)

∂z

∂y
=

z0π

Ly

sin

(
πx

Lx

)
cos

(
πy

Ly

)
(F.11)
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Appendix F.1. Source Term for the Height Equation

The source term for the height equation, SMMS
h , is given by

SMMS
h =

∂h

∂t
+

∂(hu)

∂x
+

∂(hv)

∂y
−R

=
h

t0
+ u

∂h

∂x
+ h

∂u

∂x
+ v

∂h

∂y
+ h

∂v

∂y
(F.12)

Appendix F.2. Source Term for Momentum Equation in X-direction

The source term for the x-direction momentum equation, SMMS
hu , is given

by

SMMS
hu =

∂(hu)

∂t
+

∂(hu2 + 1/2gh2)

∂x
+

∂(huv)

∂y
+ gh

∂z

∂x
+ CDu

√
u2 + v2

= u
∂h

∂t
+ h

∂u

∂t
+ u2∂h

∂x
+ 2hu

∂u

∂x
+ gh

∂h

∂x
+ uv

∂h

∂y
+ hv

∂u

∂y

+hu
∂v

∂y
+ gh

∂z

∂x
+
( gn

h1/3

)
u
√
u2 + v2 (F.13)

Appendix F.3. Source Term for Momentum Equation in Y-direction

The source term for the y-direction momentum equation, SMMS
hv , is given

by

SMMS
hv =

∂(hv)

∂t
+

∂(hvu)

∂x
+

∂(hv2 + 1/2gh2)

∂y
+ gh

∂z

∂y
+ CDv

√
u2 + v2

= v
∂h

∂t
+ h

∂u

∂t
+ vu

∂h

∂x
+ hu

∂v

∂x
+ hv

∂u

∂x
+ v2

∂h

∂y
+ 2hv

∂v

∂y

+gh
∂h

∂y
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∂z
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+
( gn
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)
v
√
u2 + v2 (F.14)
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