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Introduction

The US Environmental Protection Agency Storm Water Manage-
ment Model (EPA SWMM) has been the preeminent stormwater
model for more than 50 years (CDM Smith 2023; Dickinson 2015;
Huber et al. 2010; Rossman et al. 2004). However, the EPA
SWMM hydraulic solver sometimes has poor mass conservation
and requires a modeler’s art to find a fix Furthermore, future faster
computers will require efficient parallel computing (Flamm 2017),
and the best parallel speed-up for EPA SWMM is about 10×
(Burger et al. 2014). Finally, the EPA SWMMwater quality module
uses an approximate solution to a first-order kinetics transport equa-
tion rather than simulation of general advection-diffusion-reaction
(ADR) transport (Medina et al. 1981; Rossman and Huber 2016),
which limits the model’s use for water chemistry with more complex
source/sink processes.

The SWMM5+ project began with the observation that the EPA
SWMM hydraulic solver (1) is the primary consumer of com-
putational time, (2) is the source of model instability/mass non-
conservation, (3) limits parallelization, and (4) cannot support
mass-conservative ADR transport modeling. The new SWMM5+
solver provides the foundations for addressing these issues with a
mass-conservative hydraulic model that is coded for parallel effi-
ciency. The SWMM5+ code acts as the top-level controlling pro-
gram with the EPA SWMM code providing a library of functions
for hydrology and input data parsing. The overall structure of
SWMM5+ and its coupling to EPA SWMM are shown in Fig. 1.
The goals of the SWMM5+ project are to
• provide scalable parallelization of SWMM hydraulics,
• create a new hydraulic solver that could be linked to EPA

SWMM with minimal impact on the existing code,
• ensure well-controlled mass conservation for both reliable

hydraulic simulation and as a basis for ADR water quality
transport,

• maintain, as much as practical, consistent input/output data with
EPA SWMM, and

• provide a flexible code for wrapping by Python applications or
other calling programs.
SWMM5+ is written in Fortran 2008 (instead of C/C++ as

used in EPA SWMM v5) and couples with EPA SWMM hy-
drology through a Fortran/C application programming interface
(API). This choice was made after discussion with the broader
community—not all of whom agreed. The main reason for select-
ing Fortran 2008 is that it simplifies writing parallel code for
high-performance computing (HPC) and desktop multiprocessor
machines. A secondary benefit is that programmers can write
array-processing code, i.e., a ¼ bþ c operates over all elements
of the arrays a, b, and c without requiring do loops over the array
indexes, which allows cleaner code that is easier to follow and de-
bug. Array processing is also available in Matlab, Python, Julia,
and R, but not in C/C++. An important change in SWMM5+ is that
the Fortran data arrays and procedures are not posed as object-
oriented types. This choice makes the SWMM5+ code more acces-
sible to engineering programmers and for code wrapping, albeit
being less amenable to flexible modularization of component
algorithms.

This article provides an overview of the SWMM5+ project,
including (1) parallelization, (2) explicit finite-volume method
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(3) mass conservation and stability, (4) input/output data,
(5) advantages/disadvantages, (6) accessing SWMM5+, and
(7) our thoughts for the future.

Parallelization in SWMM5+

SWMM5+ uses the single program, multiple data (SPMD) paral-
lelization method. Each processor receives exactly the same pro-
gram but executes it over only a portion of the overall data;
i.e., the full stormwater network is broken up into smaller subnet-
works assigned to individual processors. Efficient subdivision of
the network is done automatically as part of initialization of the
a SWMM5+ simulation (Tiernan and Hodges 2022). Although
SPMD parallelism can be implemented in almost any modern pro-
gram language—typically using message passing interface (MPI)
or open multiprocessing (Open-MP) libraries—Fortran has a dis-
tinct advantage in that SPMD is built into the Fortran 2008 coding
standard for coarrays, which provide a simple approach for paral-
lelization of subnetworks. Our experience is that Coarray Fortran
is easier to understand, write, and debug than either MPI or Open-
MP codes, in part because coarrays are integral to the language and
in part because the coarrays are (intentionally) less flexible and
force the programmer into using data structures that are easy to
understand.

SWMM5+ parallelization was designed such that the total num-
ber of connections between processors is roughly proportional to
the number of processors applied, which is possible because storm-
water systems typically only have three or four connections per
junction. Using SPMD, a SWMM5+ network simulation should
be parallel-efficient for a large number of processors. This large
processor limit depends on (1) sufficient computational elements
on each processor, and (2) Amdahl’s law (Amdahl 1967). Firstly,
a large number of processors requires a large system; i.e., there

must be enough computational elements on each processor for
compute time to dominate communication time between process-
ors. Secondly, Amdahl’s law limits achievable parallel speed-up
when a code contains a mixture of serial and parallel algorithms.
The parallel SWMM5+ hydraulics couples with serial EPA
SWMM hydrology, which therefore limits the parallel efficiency.
We are presently investigating the achievable parallel speed-up
of SWMM5+ for large systems.

Explicit Finite-Volume Hydraulic Solver

The SWMM5+ hydraulic solver uses an explicit finite-volume
(FV) algorithm with a Runge-Kutta second-order (RK2) time-
advance for the Saint-Venant equations along a subdivided link.
Manholes and storage nodes are computed using a continuity equa-
tion coupled to an energy equation for downstream fluxes. Each
link of a standard SWMM input file is automatically subdivided
into multiple FV elements using a global scale set by the user
(e.g., 10 m) as part of the SWMM5+ initialization. A minimum
of three elements per link is set by the model. The consistent spatial
discretization of the network allows the model to represent spatial
gradients and progressive motion of trans-critical hydraulic features
(e.g., hydraulic jumps, bores, and critical flow controls).

The new FV scheme uses a time-interpolation method to trans-
fer cell-centered data to the faces between cells; the advantage
of this approach is that it correctly handles the transition from sub-
critical to supercritical flow without requiring special treatment
(Hodges and Liu 2019, 2020). The low-order (RK2) time-marching
approach is used instead of a Runge-Kutta fourth-order (RK4) be-
cause spatial rather than temporal discretization typically controls
overall error when only a few elements represent each link. Further-
more, the four-step RK4 requires four parallel communication
events per time step compared with the two events per time step

Fig. 1. Outline of the code coupling between SWMM5+ and EPA SWMM.
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required by a two-step RK2, so the RK2 has a smaller parallel
communications burden. Surcharged pipe flows in SWMM5+
are computed using a new Preissmann slot algorithm that is more
robust than prior approaches (Sharior et al. 2023a). All the
hydraulic features of EPA SWMM are supported in SWMM5+,
including pumps, orifices, weirs, culverts, and controls.

Mass Conservation and Stability

The FV method of SWMM5+ provides mass conservation to
numerical precision. The 64-bit CPUs on desktop workstations
and most HPC machines have 16-digit precision, so FVerror scales
on 10−16 per time step, which allows simulation of tens of millions
of time steps while maintaining cumulative error less than 10−8.
However, the coupling between the FV time-marching scheme
and equations for various hydraulic features (e.g., storage, pumps,
weirs, and culverts) creates locations where mass nonconservation
can be accidentally introduced in the code. Thus, in SWMM5+, a
mass conservation failure is indicative of a code error that needs to
be fixed by the development team rather than a user configuration
error that requires art to overcome.

SWMM5+ is linearly stable as long as the local Courant-
Friedrichs-Lewy (CFL) number is everywhere constrained by
CFL <

ffiffiffi
2

p
=2. The time step in SWMM5+ is automatically con-

trolled to ensure stability throughout the network. Junctions in
SWMM5+ are often the principal limitation of the time step as
a small manhole diameter is effectively a small length scale in
the CFL computation. As a result, the SWMM5+ time step is often
only 10% of the EPA SWMM time step for the same system.
We are investigating a locally implicit junction algorithm that will
allow larger time steps while retaining stability.

Input/Output Data

SWMM5+ maintains backward compatibility by using the same *.
inp file as EPA SWMM for basic controls, defining the hydraulic
network, and hydrological forcing. SWMM5+ also has a range of
advanced controls associated with the new hydraulics solver that
are set in a text file using the JavaScript Object Notation (JSON)
format (Bray 2017). Output from SWMM5+ is not identical with
that from EPA SWMM due to issues associated with the SWMM5+
subdivision of links into FV elements and parallel partitioning into
subnetworks. SWMM5+ provides new output functions using the
Hierarchical Data Format version 5 (HDF5) library (e.g., Folk et al.
2011). The HDF5 approach provides flexible data storage and
retrieval that is well documented with metadata. The SWMM5+
HDF5 file allows users to access either the full FV data or link-node
data equivalent to EPA SWMM.

Advantages/Disadvantages of SWMM5+

The key advantages of SWMM5+ are as follows: (1) robust mass-
conservative hydraulics simulation, and (2) direct modeling of
hydraulic jumps, bores, and rapid surcharge transitions. Our obser-
vations are that SWMM5+ has fewer spurious oscillations than
EPA SWMM for similar conditions. Furthermore, the new mass-
conservative hydraulics are a necessary precursor to true ADR
transport simulation (which has not yet been developed for
SWMM5+). Some of the capabilities of SWMM5+ and compari-
sons with EPA SWMM have been demonstrated in a technical
report by Hodges and Sharior (2023).

However, SWMM5+ incurs increased costs in the number of
computations, computer memory, and disk space; all these in-
creases are driven by the need to subdivide links for the FV algo-
rithm. Although our investigations are not yet complete, it appears
that SWMM5+ will always be slower than EPA SWMM unless the
problem is large enough to use 32+ parallel processors. We estimate
efficient parallelization will use at least 5,000 computational ele-
ments per processor, so the minimum network size for SWMM5+
to be faster than EPA SWMM may be as large as 160,000 FV el-
ements. Depending on the relationships between link lengths and
the users’s target (nominal) element length, 160,000 FV elements
might be a stormwater system of 20,000 to 50,000 links (i.e., full
city scale).

For smaller problems—necessarily using a smaller number
of parallel processors—SWMM5+ will be noticeably slower
than EPA SWMM. This slowness is due to the extra computations
required for smaller FV elements. Of course, the slower speed of
SWMM5+ is only a disadvantage compared with EPA SWMM if
the latter can reliably produce a nonoscillatory, mass-conservative
solution at the faster speed. Complex EPA SWMM models often
have spatiotemporally localized problems that are difficult to de-
bug and require multiple simulations and modeler art to resolve.
In such cases, a single simulation of SWMM5+ may be more com-
putationally efficient despite its longer run time.

Accessing SWMM5+

The SWMM5+ code has been released as public-domain soft-
ware that is free for use without any restrictions. The source code
is available on GitHub (CIMM 2023) and includes an installation
guide (Davila-Hernandez et al. 2023), a usermanual (Sharior et al.
2023b), and a draft programmer’s guide (Hodges et al. 2023). The
present code can be installed directly on any Linux system or
through a Docker container for Linux/Windows (direct installation
on Linux is recommended). To date, we have not ported the instal-
lation to any MacOS computers. Compiling has been tested with
the Intel oneAPI compiler, which is a free cross-platform, multilan-
guage compiler (Intel 2023). AWindows OS executable download
is in development for users who do not want to install and compile
the source code. SWMM5+ has not been integrated with the EPA
SWMM GUI and can only be run at the command line. The instal-
lation package includes Python scripts that access and plot the
HDF5 output data. However, users are cautioned that the output
processing from SWMM5+ is rudimentary at present.

The Future of SWMM5+

The SWMM5+ project has built the foundations of a comprehen-
sive, mass-conservative, highly-parallel stormwater network simu-
lation that integrates with EPA SWMM hydrology. Users should
keep in mind that SWMM5+ is a research code using a completely
new set of hydraulic algorithms. There are likely hidden bugs at
the interface between FV hydraulics and hydraulic components
(e.g., culverts, weirs, pumps, and controls) that might only appear
under complex flow conditions. Users are encouraged to commu-
nicate bugs and code errors through the Center for Infrastructure
Modeling and Management (CIMM) GitHub site (CIMM 2023).
There remains much work to do in testing, debugging, and improv-
ing the resiliency of the code. The new parallel FV method brings
new possibilities for running large SWMM models on HPC cloud
computers with hundreds of processors.

The low-hanging fruit for improving SWMM5+ is in de-
veloping a new FV algorithm for ADR water quality transport.
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The mass-conservative hydraulic solution of SWMM5+ is a nec-
essary precondition for ADR transport, but the CIMM team did not
have sufficient time to write/test a new set of ADR transport al-
gorithms for water quality modeling. We are presently improving
the programmer’s guide that will help new developers get started
with SWMM5+; anyone interested in working on the SWMM5+
project should contact this paper’s lead author. Although research
using SWMM5+ is continuing under a US National Science Foun-
dation project, CIMM does not presently have general code devel-
opment funds and is looking to contributions from the broader
community for testing and debugging support. It is the hope of
the CIMM and the SWMM5+ team that the broader SWMM com-
munity will find this model useful and contribute to its long-term
success.

Data Availability Statement
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