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ABSTRACT: The Community Multiscale Air Quality (CMAQ) model ] CPU

simulates atmospheric phenomena, including advection, diffusion, gas-phase 5 m

chemistry, aerosol physics and chemistry, and cloud processes. Gas-phase g | [NOZ] _l
chemistry is often a major computational bottleneck due to its representation dc, 1w

as large systems of coupled nonlinear stiff differential equations. We leverage [ ] —> GPU A<0.1%
the parallel computational performance of graphics processing unit (GPU) g =m @ _T
hardware to accelerate the numerical integration of these systems in CMAQ’s = ='= —> [NOZ]

CHEM module. Our implementation, dubbed CMAQ-CUDA, in reference to T =:=

its use in the Compute Unified Device Architecture (CUDA) general purpose R
GPU (GPGPU) computing solution, migrates CMAQ’s Rosenbrock solver = i

from Fortran to CUDA Fortran. CMAQ-CUDA accelerates the Rosenbrock

solver such that simulations using the chemical mechanisms RACM2, CB6RS, and SAPRCO7 require only 51%, 50%, or 35% as
much time, respectively, as CMAQvS.4 to complete a chemistry time step. Our results demonstrate that CMAQ is amenable to GPU
acceleration and highlight a novel Rosenbrock solver implementation for reducing the computational burden imposed by the CHEM
module.

KEYWORDS: GPGPU, CUDA, Fortran, stiff differential equation, Rosenbrock solver

B INTRODUCTION ~V-(uC)

Chemical transport models (CTMs) simulate numerous varied (V-KV)C,

and complex atmospheric processes. These include advection, aC,

diffusion, cloud processes, aerosol processes, gas-phase ot = R;

chemistry, and deposition. These processes are modulated by E,

input data including meteorology and emissions. The _s

governing equation describing the simulation of these ' ()

processes is the species continuity equation, a partial

Each case of eq 2 is solved separately by its own code
differential equation (PDE) of the form

module within a CTM’s software package.” Additional
oC. processes, including aerosol and cloud processes, are also
—t 4 V'(“Ci) = (V-KV)Cl. +R,+E - treated in their own modules. Therefore, each module can be
ot @) timed separately to determine how long it takes to execute its
solution. The chemistry operator is determined by the
chemical mechanism chosen to represent atmospheric gas-
phase chemistry and takes the form of a net reaction rate. This

where C; is the concentration of species i, t is time, u is the
wind velocity vector, K is the eddy diffusivity tensor, R; and E;

are the net chemical rate of change and emissions of species i,

. : o e 12
respectively, and S, is the loss of species i due to deposition. Received: July 26, 2024

CTMs tend to elnzploy an operator-splitting strategy in their Revised:  December 23, 2024
solution schemes.”” Operator splitting assumes that each Accepted: December 24, 2024
operator in eq 1 can be solved independently with little loss of Published: January 6, 2025

solution accuracy on sufficiently small time scales. For instance,
eq 1 may be split into a family of simpler equations:

© 2025 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acsestair.4c00181

v ACS PUblicationS 226 ACS EST Air 2025, 2, 226-235


https://pubs.acs.org/curated-content?journal=aeacd5&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duncan+Quevedo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khanh+Do"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+Delic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Rodri%CC%81guez-Borbo%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bryan+M.+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cesunica+E.+Ivey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cesunica+E.+Ivey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsestair.4c00181&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00181?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00181?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00181?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00181?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00181?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aeacd5/2/2?ref=pdf
https://pubs.acs.org/toc/aeacd5/2/2?ref=pdf
https://pubs.acs.org/toc/aeacd5/2/2?ref=pdf
https://pubs.acs.org/toc/aeacd5/2/2?ref=pdf
pubs.acs.org/estair?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsestair.4c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/estair?ref=pdf
https://pubs.acs.org/estair?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS ES&T Air

pubs.acs.org/estair

reaction rate is determined by the solution of a system of
coupled ordinary differential equations (ODEs) that needs to
be solved for every grid cell in a domain.

Although species lumping is typical to reduce the number of
species represented in a chemical mechanism, any mechanism
needs to include many species to be representative of
atmospheric gas-phase chemistry.” This can result in very
large systems of coupled ODEs. The Statewide Air Pollution
Research Center (SAPRC, now APRC) mechanism SAPRCO07,
for instance, contains 569 gas-phase reactions.” Moreover,
these reactions are nonlinear and occur over a variety of time
scales, producing stiff systems. These characteristics result in
longer runtimes for the code modules that solve these systems.
In fact, the gas-phase chemistry module often represents a
major computational bottleneck in a CTM.*” Indeed, gas-
phase chemistry is often solved using schemes like Euler
backward iterative (EBI) solvers for their efficiency, at the cost
of solution accuracy. More accurate methods, while slower, can
improve the quantification of quantities of interest like
sensitivity parameters. Additionally, there is growing interest
in leveraging machine learning emulators to bypass traditional
numerical integration of these systems.7’8 However, there is
room for improvement in these emulators’ solution approx-
imations in terms of numerical stability and accuracy.
Furthermore, emulation has not been standardized for
regulatory decision making and emulation does not necessarily
capture the physical dynamics that govern first-principles
models like CTMs.

One may view emulators as a software-based approach to
accelerating gas-phase chemistry modules. Another approach is
hardware-based. CTM simulations are traditionally executed
on high-performance computing (HPC) clusters with
computational processing distributed in parallel across multiple
central processing units (CPUs), which are the standard
hardware units for computing. An alternative class of hardware
capable of carrying out the floating-point arithmetic necessary
for the numerical solution of gas-phase chemistry systems is
the graphics processing unit (GPU).

With the advent of general purpose GPU (GPGPU)
computing, we can leverage the massively parallel nature of
GPUs to compute floating-point operations on large data
arrays in parallel. Although GPU technology has been driven
by advancements in real-time 3D computer graphics as
required for interactivity in video games, the nature of graphics
rendering, devoting individual GPU threads to rendering
individual pixels, drives GPU thread counts higher and higher
as pixel counts and graphics complexity increases.” This leads
to the ability to compute floating-point operations on large
data structures in parallel. Consequently, GPUs present a
means of handling larger matrices to reduce the length of
serialized loops required to cover study domains.

GPUs outperform CPUs in floating-point operation
throughput.'® Therefore, GPUs represent a potential hardware
solution for accelerating gas-phase chemistry modules in
CTMs. Moreover, since GPU acceleration is hardware-based,
the original CTM algorithms can be retained, albeit with
certain modifications to facilitate parallelism. This circumvents
the numerical stability and accuracy issues that can arise in
emulation. Already, stable GPU implementations of CTM
algorithms have been achieved: the horizontal advection
scheme in CAMx and the gas-phase chemistry schemes in
CAM4-Chem and EMAC."' ™"
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The hardware acceleration of the horizontal advection
module in CAMx achieves impressive performance, with the
GPU implementation executing the module up to 28 times as
fast as the standard CPU implementation."' However, the
authors report that this module only accounts for around 14%
of total simulation time, with chemistry accounting for over
55% of walltime, and do not report the overall acceleration
when accounting for all modules. Therefore, we can expect that
accelerating chemistry would have a greater impact on total
simulation walltime.

Accelerating the chemistry module in CAM4-Chem enabled
simulations to execute about 4 times as fast as on standard
hardware.'> However, the simulations in the study are limited
to box models with only chemistry active, as opposed to a full
CTM simulation.

Hardware accelerated chemistry in a full EMAC simulation
was shown to speed application execution by a factor of 1.75."
Accelerated model output for select species mostly stays within
5% of the value of the standard model where discrepancies
result from architectural differences in how hardware handles
floating point operations. This illustrates the potential
performance gains achievable by accelerating gas-phase
chemistry modules in CTMs.

In this work, we migrate a gas-phase chemistry solver in the
United States Environmental Protection Agency (US EPA)’s
Community Multiscale Air Quality (CMAQ) CTM to GPU
hardware to accelerate the solution of the reaction system and
relieve the computational burden it imposes. We refer
throughout this article to the migrated heterogeneous CPU-
GPU code as “CMAQ-CUDA” in reference to its use of the
Compute Unified Device Architecture (CUDA) general
purpose GPU (GPGPU) computing solution. We say
heterogeneous to refer to the fact that science processes
other than the gas-phase chemistry module, CHEM, are
executed on CPUs whereas CHEM is executed on GPUs.

B MATERIALS AND METHODS

CMAQ is widely used for regulatory compliance studies at the
regional scale.'* CMAQ ingests meteorology fields and
emissions inventories as input and uses these data to inform
science processes. CMAQ_science processes include horizontal
advection, horizontal diffusion, vertical advection, vertical
diffusion, gas-phase chemistry, aerosol processes, cloud
processes, and dry deposition.” The advection and diffusion
modules solve advection or diffusion equations, respectively.
Gas-phase chemistry solves the ODE systems that represent
chemical mechanisms. Aerosol processes represent particulate
physics and chemistry. Cloud processes handle scavenging, wet
deposition, and aqueous chemistry. Dry deposition represents
gravitational settling and adsorption onto surfaces. These
modules are executed in series in accordance with operator
splitting and with their own internal time-stepping schemes.
When a certain time step, known as the synchronization time
step, is reached, execution of one module concludes, and the
next module is invoked to update its science process to the
same synchronization time step. This time stepping scheme is
diagrammed in Figure 1.

We develop CMAQ-CUDA for CMAQ_version 5.4. We
focus on the gas-phase chemistry module as it represents one
of the major computational bottlenecks for the CMAQ CTM
(CCTM) executable, with computation burdens illustrated in
Figure 2.

https://doi.org/10.1021/acsestair.4c00181
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Figure 1. Schematic of CMAQ_ science process time stepping
structure. SCIPROC is the Fortran routine that calls the science
process routines. VDIFF is vertical diffusion. HADV is horizontal
advection. ZADV is vertical advection. HDIFF is horizontal diffusion.
CLDPROC denotes cloud processes. CHEM is gas-phase chemistry.
AERO denotes aerosol processes. Times ¢, and t,,, are the nth and
subsequent synchronization time steps, respectively.
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Figure 2. Pie chart of module timing burdens per time step for an 8-
core simulation using the ROS3 solver and CB6RS chemical
mechanism with aero7 SOA treatment and standard cloud chemistry
for the CMAQ 2018 12NE3 benchmark scenario.

CMAQyvS.4 has several different gas-phase mechanisms
available and three ODE solver options to numerically
integrate the gas-phase ODE system. The mechanisms are
versions of the Carbon Bond (CB) mechanism, Regional
Atmospheric Chemistry Mechanism (RACM), SAPRCO07
mechanism, Community Regional Atmospheric Chemistry
Multiphase Mechanism (CRACMM), and the 2D-VBS
mechanism.”'®~" The solvers are the Euler backward iterative
(EBI), third-order Rosenbrock (ROS3), and sparse matrix
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vectorized Gear (SMVGEAR) solvers.”****! These solvers are
listed in descending order of speed and ascending order of
accuracy.”’ The EBI solver is actually a family of solvers
because its code implementation must be tailored to the
chosen mechanism. In contrast, the ROS3 and SMVGEAR
solvers are mechanism agnostic: any given mechanism can be
solved by these codes. Since ROS3 is the faster of the two
mechanism-agnostic solvers, we focus our efforts on migrating
ROS3 to GPUs.

Rosenbrock solvers like ROS3 are multistage semi-implicit
schemes.” An s-stage Rosenbrock scheme for the solution of
the autonomous equation j = f(y) has the form

Dot =3, Dbk,

i=1

(3)

i—1 i
ko=nhfly, + D k| + 1 D vk,
j=1 j=1 (3b)

where y, is the numerical solution at time n, f prescribes the
form of the ODE, h is the time step, ] is the Jacobian, and the
constants s, b;, @;, and y are chosen based on considerations of
nlirlnzirical stability and order of accuracy.® For ROS3, s =
3.7

The implementation of ROS3 within the CCTM executable
is written to leverage parallelization across multiple CPU cores.
CPU parallelization is accomplished with the Message-Passing
Interface (MPI), which is a software standard that facilitates
parallel computing by mapping processes that are generated to
execute instruction threads to logical processors and enabling
interprocess communication.”> The simulation domain is
divided across MPI processes and each process handles its
own subdomain. To accelerate the evaluation of the CHEM
module on each subdomain, the matrices describing the
scheme are split into smaller block matrices, and each
subdomain loops through these blocks. The block size is
chosen at compile time. Figure 3 diagrams the domain-process-
GPU mapping for our simulation configuration.

In the standard CMAQvS.4 case, each process splits its
subdomain into 928 blocks of S0 grid cells, whereas the
CMAQ-CUDA case splits each subdomain into just 3 blocks of
17,408 grid cells each, with the caveat that in both cases the
final block may be smaller when the block size does not evenly
divide the subdomain.

The results we present in this study come from simulations
set up to mirror the EPA’s 2018 12NE3 case study used to
benchmark CMAQy5.4.>* The study area encompasses the
northeastern United States with a grid that starts at 84.41W,
35.16N with 100 12-km-wide columns eastward, 105 12-km-
wide rows northward, and 35 vertical layers for a total of
367500 grid cells. The benchmark simulates hourly concen-
trations for July first and second, 2018 and uses the CB6RS
chemical mechanism with aero7 SOA treatment and standard
cloud chemistry. We use the same time period, time resolution,
and chemical mechanism as well as with the additional
mechanisms SAPRC07 and RACM2 with aero6 SOA treat-
ment and standard cloud chemistry to conduct our tests.

Our simulations’ compute environment has Intel Xeon
Skylake 6130 CPUs rated at 2.1 GHz with NVIDIA RTX 2080
Ti GPUs. Models are compiled with an OpenMPI 5.0.2
wrapper around the Intel OneAPI 2023.1.0 compiler for CPU

https://doi.org/10.1021/acsestair.4c00181
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Figure 3. Example schematic of domain subdivision and mapping to MPI processes. Each MPI processes is given its own CPU core and shares

GPUs as instructed within our CMAQ-CUDA runtime configuration.

Loop over blocks

\ 4

Iterate until convergence

RBDRIVER ==

RBSOLVER

A\ 4

RBFEVAL =

RBJACOB

—» RBDECOMP [=»{ RBSOLVE

Figure 4. Schematic of CMAQ ROS3 code structure. Arrows represent data transfer. All routines are on the CPU.

code and the NVHPC SDK version 23.9 for GPU code. Our
runtime configuration uses 8 CPU cores and 4 graphics cards.

Three popular GPGPU solutions are OpenCL, OpenACC,
and NVIDIA CUDA. The ROS3 code, like the rest of CMAQ,
is written in the Fortran programming language. We, therefore,
leverage CUDA Fortran in our code migration from CPU to
GPU as OpenCL is based on C/C++. This avoids the need for
interfacing with C from Fortran and enables a native Fortran
implementation of CMAQ-CUDA. Although OpenACC
supports Fortran, CUDA Fortran offers greater control over
optimizations.

CMAQ’s ROS3 implementation is split across four
subroutines: RBFEVAL, RBJACOB, RBDECOMP, and
RBSOLVE. RBFEVAL computes the derivative with respect
to time, RBJACOB computes the Jacobian matrix, RBDE-
COMP computes the LU decomposition of the system to
facilitate its solution, and RBSOLVE computes the numerical
solution to the linear system of equations based on the LU
decomposition. Another subroutine, RBSOLVER, calls the
preceding subroutines in the order listed, iterates until solution
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convergence, and outputs the concentration field. A further
subroutine, RBDRIVER, calls RBSOLVER in a loop over
blocks and fills the MPI process subdomain’s concentration
field with RBSOLVER’s arrays until the whole subdomain’s
concentration field is updated. Each MPI process does this to
update the entire simulation domain’s concentration field. This
structure is diagrammed in Figure 4.

A typical Fortran nested DO loop in these routines has the
following structure for species index J, grid cell index I, and
array A:

DO J = 1 TO NUMBER OF SPECIES
DO I = 1 TO NUMBER OF CELLS
UPDATE A( I,J )
END DO
END DO

These loops step through grid cells to update the spatial
dimension of array A and do this for every species in the
mechanism.

Because of operator splitting, transport processes (i.e.,
advection and diffusion) are inactive during execution of the

https://doi.org/10.1021/acsestair.4c00181
ACS EST Air 2025, 2, 226—-235
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Figure 5. Schematic of CMAQ-CUDA ROS3 code structure. Arrows represent data transfer.

CHEM module, so each grid cell in the simulation domain
may be treated independently during CHEM execution, and
every cell in a block can be updated in parallel. We, therefore,
target the block size dimension of the ROS3 arrays for GPU
parallelization: each grid cell is handled by individual GPU
threads in parallel.

DO J = 1 TO NUMBER OF SPECIES
DO I = THREAD INDEX TO NUMBER OF CELLS, STEP BY NUMBER OF THREADS
UPDATE A( I,J )
END DO
END DO

The index I now represents a GPU thread index, with each
thread having its own unique index and executing its own copy
of the GPU device routine, or kernel. The inner loop becomes
a grid-stride loop, where the loop stride is the size of the grid of
threads on the GPU. This enables the code to loop through
portions of the block if the number of threads initialized on the
GPU is insufficient to cover the block at once, although this
would slow the code down. Ideally, we initialize enough
threads to handle the entire block in parallel. In this case, the
grid-stride loop executes just once. This leads to a new ROS3
structure, which we diagram in Figure S.

With the convergence loop entirely on the device, data
transfer only occurs once at the start and once at the end of
each synchronization time step. Data transfer between GPU
subroutines does not change the data’s location in memory, as
the convergence loop subroutines are contained in one Fortran
module, so arrays are simply updated in place. This greatly
relieves the bandwidth bottleneck exposed by data transfer and
results in a performant CMAQ-CUDA implementation.

Timing is calculated as the time the model spends in the
CHEM science process module, which accounts for the time
that the primary MPI process spends on computation in that
module and, for CMAQ-CUDA, data transfer overhead.
Discrepancies between CMAQ and CMAQ-CUDA concen-
tration fields are reported as mean bias or normalized mean
error. With CMAQ_output denoted y; and CMAQ-CUDA
output denoted ;, we define the following metrics:

L6, -
N (4)

N |4
P b —

P (4b)

mean bias(MB) =

normalized mean error(NME) =

where N is the number of grid cells and/or time steps and i is
the index.

B RESULTS AND DISCUSSION

The objective of this work is to accelerate CMAQ’s gas-phase
chemistry module, CHEM, by leveraging GPU hardware.
Figure 6 displays the timing of the CHEM module per

14 A

12 A

=
o
1

Model
I CMAQv5.4
I CMAQ-CUDA

CHEM Timing (s)

L

CB6R5 SAPRCO7TC RACM2
Mechanism

Figure 6. Boxplots of CHEM module timing per synchronization time
step for CMAQvS.4 and CMAQ-CUDA across three mechanisms.

synchronization time step of CMAQvS.4 versus CMAQ-
CUDA for the chemical mechanisms CB6RS, SAPRCO7TC,
and RACM2 with aero6 SOA treatment (aero7 for CB6RS)
and standard cloud chemistry. These mechanisms contain 349,
752, and 411 reactions, respectively.

We see that, in all cases, CMAQ-CUDA executes CHEM
with the ROS3 solver substantially faster than CMAQvS.4.
Comparing medians, CMAQ-CUDA executes CB6RS in 50%
as much time as CMAQyvS.4, SPARCO7TC in 35% as much
time, and RACM2 in 51% as much time. While there is more
variability in CMAQ-CUDA timing, the slowest outliers
remain near or below the median timing for CMAQyvS.4.
The variability present in each distribution is due to variation
in the number of loops required for the solver to converge, as
time steps with greater degrees of nonlinear behavior require
more iterations to converge.

Figure 7 presents the total simulation walltime for our three
mechanisms. Two features stand out. First, the differential is
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greatest for the most complex mechanism, indicating that
studies simulating larger mechanisms stand to benefit the most
from GPU acceleration. Second, the differences between
CMAQ-CUDA walltimes across the different mechanisms are
smaller than the differences between CMAQvS.4 walltimes
across the same mechanisms. This indicates that CMAQ-
CUDA scales well in the sense that the rate at which it slows
with increasing mechanism complexity is less than the rate at
which CMAQyS.4 slows with increasing mechanism complex-
ity. Moreover, for each mechanism, we see notably smaller
walltimes even though we have only accelerated one of
CMAQ’s eight science process modules. This suggests that
accelerating other modules in the same way could greatly
reduce the walltimes required for CMAQ_simulations, saving
valuable compute resources.

We explore the impact of varying the block size parameter in
Figure 8. Blocking is an efficiency consideration for the CHEM
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Figure 8. CMAQ science process module timing per synchronization
time step as block size varies for CB6RS.

module, so it is unsurprising that we see little to no variation in
other modules’ timing as we vary block size. CMAQyS.4 is
fastest at small block sizes and slows exponentially as we
increase the block size. CMAQ-CUDA is also sensitive to
block size, but in this case, we see speedup, up to a point, when
we increase the block size. The speedup associated with
increasing block size is indicative of increasing parallelization.
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In the case of GPUs, small block sizes greatly slow execution
because this results in more blocks per subdomain. Each block
requires kernel calls with their own scheduling overhead in
addition to data transfer overhead. Hundreds of small blocks
indicate that that overhead gets compounded hundreds of
times over and in serial. On the other hand, we see slowdown
at very large block sizes as this results in the grid-stride loops
executing more than once. The ideal block size indicated by
Figure 8 is specific to the NVIDIA RTX 2080 Ti graphics card.
It is the number of threads that can reside simultaneously on
the GPU when accounting for multiple MPI processes sharing
a GPU. Refer to the SI for details.

GPUs are generally designed to excel at single-precision
calculations. CMAQ’s CHEM module performs double-
precision computations. Each double-precision number
requires two registers to reside on the GPU for computation.
The result is that compiling our kernel that is intensive in
double-precision operations reserves 152 registers per thread,
regardless of block size. This translates into 37.5% device
occupancy, which measures how well a kernel utilizes a GPU’s
capacity for computation. Higher occupancy generally equates
to better performance. To attain greater occupancy for
CMAQ-CUDA, we would need to reduce register pressure.
One way to achieve this would be to perform single-precision
computation, but doing so sacrifices solution accuracy. Indeed,
we implemented and tested a single-precision version of
CMAQ-CUDA. The solver failed to converge.

While future work should seek to reduce register pressure
and accelerate CMAQ-CUDA, even our current low-
occupancy implementation attains the significant performance
gains documented above, and these are even with the NVIDIA
RTX 2080 Ti, a consumer graphics card. Tailoring the block
size to the hardware specifications of newer, faster graphics
cards may further accelerate CMAQ-CUDA even if occupancy
changes little.

In addition to acceleration, we must also ensure that our
GPU implementation of ROS3 maintains agreement with its
CPU implementation. We want and expect CMAQ-CUDA’s
output to replicate the standard CMAQ output given the same
model inputs, parameters, and configurations. Indeed,
according to CMAQ_documentation, we are typically satisfied
with concentration field discrepancies within 1% when
comparing compilations across different computer systems.”'

We compare MB in the surface layer for three key species
between a full simulation and a simulation executed with
CHEM as the only active module in Figure 9. This is to
investigate the effect of other modules on the overall
simulation agreement between CMAQvS.4 and CMAQ-
CUDA.

When CHEM is the only active module, CMAQvS5.4 and
CMAQ-CUDA are in significantly better agreement. This
suggests that transferring concentration fields between
modules incurs additional error in CMAQ-CUDA, though
we note that for simulations with CHEM (but no other
modules) deactivated, errors are identically zero (Figure S4).
This suggests that the small errors in the CHEM module are
magnified by operations in other modules. We posit that this is
due to roundoft error magnification in reactive trace species
whose concentrations are so small that such errors are
disproportionately large. This could be due to architectural
differences in how our CPUs and GPUs handle roundoft. We
investigate this hypothesis in Figure 10.
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Figure 9. Maps of MB averaged in time for three key species in CB6RS. The left column is the MB between full simulations, the right column is the

MB between simulations run with only the CHEM module active.

We see a tendency for NME to increase as median
concentrations decrease, supporting our hypothesis. This
may also help explain the patterns we see in our full
simulations. Certain reactive trace species concentrations
may be especially small and prone to roundoff error
magnification over water where anthropogenic emissions are
minimal.

Figure 11 compares NME in the surface layer for our three
mechanisms as well as a benchmark comparison for which the
NME is taken between our CMAQvS5.4 simulation and the
published EPA simulation results. We see that, at the surface,
CMAQ-CUDA NME stays within our threshold for most
species, and all CMAQ-CUDA NME distributions are
concentrated below the benchmark comparison. This indicates
that the discrepancy due to hardware differences between our
cluster’'s CPUs and GPUs is smaller than between our
architecture and the EPA cluster’s architecture.
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We expand our error analysis in Figure 12 to examine more
vertical layers. There does not appear to be a strong
dependence on layer until we reach the 26—30 layer bin,
where the distributions begin to shift toward larger NME.
Following our earlier hypothesis, it may be the case that errors
grow in the upper layers because we exit the planetary
boundary layer and certain reactive trace species’ concen-
trations decrease.

In all cases, most species remain within our threshold. In all
cases, there are outliers beyond our threshold, and in the top
10 layers, some species in the distributions’ tails exceed our
threshold. In Figure SS we see that, in our CHEM-only
simulation, all species at all layers, without exception, remain
below our threshold. This meets expectations considering our
preceding discussion.

We acknowledge the following limitations in our work, in
addition to the roundoff error magnification just discussed.
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Because we migrate CMAQ’s ROS3 solver, the integrated
source apportionment method (ISAM) tool is unavailable in
CMAQ-CUDA. ISAM requires the EBI solver. Further, the
direct decoupled method (DDM) sensitivity analysis tool is

not preserved in our current implementation, nor is integrated
reaction rate (IRR) analysis.

Despite these limitations, CMAQ-CUDA proves the viability
of migrating CMAQ modules to GPU code and highlights the
potential performance gains of doing so. Next steps include
integrating DDM and IRR into CMAQ-CUDA to enable and
accelerate these analysis tools. We also want to migrate
additional science process models to CUDA Fortran, starting
with the next largest computational burdens: AERO and
VDIFF (Figure 2).

B CONCLUSIONS

CMAQ-CUDA successfully migrates CMAQ’s ROS3 solver to
GPU hardware. Our implementation accelerates CMAQ’s
CHEM module within the modular framework of CMAQ,
enabling simulations with all science process modules active.
Because we see agreement degrade when CHEM interacts with
other modules, we note the importance of expanding our
hardware migration to other modules in addition to CHEM.

CMAQ-CUDA highlights the performance gain inherent in
GPU hardware acceleration. We have, therefore, reduced the
computational burden imposed by CHEM on CMAQ, and in
doing so, emphasized the potential for further model
acceleration offered by migrating other science process
modules to GPU hardware. We have also demonstrated
desktop-scale computational improvements in earlier versions
of this work, which supports the use of the code in situations
where access to HPC resources is limited.”

B ASSOCIATED CONTENT

Data Availability Statement

CMAQ-CUDA code is available on GitHub at: https://github.
com/Duncan-Quevedo/CMAQvS.4-CUDAv3.0. Input data
are from the EPA benchmark: https://dataverse.unc.edu/
dataset.xhtml?persistentld=doi: 10.15139/S3/BWMI8X. Out-
put data are available upon request.

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestair.4c00181.
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