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Abstract. Atmospheric chemical kinetics puts a major computational burden on Earth system models, yet its embarrassingly
parallel nature of the problem structure makes it well suited to GPU acceleration. Here we present a single-precision floating
point (FP32) GPU implementation of the MECCA chemical kinetics submodule in the ECHAM/MESSy Atmospheric Chem-
istry (EMAC) model. It is enabled by the MEDINA code-to-code compiler v2.0 and compatible with the Rosenbrock-family
numerical solvers generated by the Kinetic Pre-Processor (KPP). The approach exploits FP32 arithmetic inside the GPU kernels
while preserving double precision in the host EMAC workflow via explicit type conversion on the GPU.

We evaluate the numerical fidelity and achieved performance in both an idealised box-model configuration and in full
EMAC production simulations on the JUWELS Booster system. Across tested mechanisms and resolutions, FP32 reproduces
the double-precision CPU reference to within < 0.004% in total-species-mass differences, with discrepancies confined to
chemically depleted tracers near machine representation limits. In production-scale runs, FP32 further reduces the average
chemical-kinetics execution time by about 30% relative to the FP64 GPU implementation and lowers the memory footprint of
FP-intensive data structures. Chemistry calculations in FP32 enhance scalability for high-resolution and chemically complex

simulations.

1 Introduction

Advances in numerical models have underpinned climate and atmospheric science over recent decades, allowing better under-
standing of the Earth system and improved predictability under future climate change scenarios (Flato et al., 2013). Coupled
Earth System Models (ESMs) integrate interacting submodels for simulating different processes of the climate system. While
ESMs have become more sophisticated, with greater capabilities and performance, in large part due to the advancements in
CPU clock speeds and core counts, there are still limitations in complexity and spatial resolution for climate-scale simulations.
These limitations are related to the time-to-solution requirements, power consumption demands, and storage and memory

availability (Palmer, 2014; Dongarra et al., 2020).
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A common ESM bottleneck is the simulation of atmospheric chemical kinetics (Christou et al., 2016). The numerical inte-
gration of the stiff chemical ordinary differential equations (ODEs) remains computationally demanding despite recent opti-
mization of the adaptive time-step control (Dreger et al., 2025). The problem is embarrassingly parallel allowing concurrent
solving over model grid partitions (Alvanos and Christoudias, 2017a). Due to this property, offloading the chemical kinetics
component of ESM simulations on Graphic Processing Units (GPU) accelerators can greatly reduce the required solution time.
Such developments are documented in the literature for up to 20 x speedup of the chemical kinetics computational kernel when
compared to the equivalent CPU implementation (Linford et al., 2017; Alvanos and Christoudias, 2019).

Architecturally, GPU processors are designed for massive parallel processing, featuring thousands of small, efficient cores
optimised for handling simultaneous tasks. They utilise a Streaming Multiprocessor (SM) hierarchy, employing the Single
Instruction, Multiple Threads (SIMT) model to execute data-intensive workloads. Because of their characteristics, GPUs are
now widely adopted for heavy computing tasks including Machine Learning (ML), Artificial Intelligence (Al) and High Per-
formance Computing (HPC) applications.

The main limitation of GPUs is memory bandwidth and capacity, as they face severe performance degradation when work-
loads are memory-bound (Williams et al., 2009; Dongarra et al., 2020; Christoudias et al., 2021). One under-exploited aspect
of GPU design in this context, is that they deliver markedly higher floating point performance for 32-bit single precision (FP32)
than 64-bit double precision (FP64) floating point operations, while also halving memory footprint. These benefits are espe-
cially valuable for the memory demanding, numerically intensive chemical kinetics simulations, and exploiting FP32 offers the
prospect of additional speedups, reduced memory consumption, and improved energy efficiency.

In this paper, we present the development of version 2.0 of the GPU-accelerated implementation of the MECCA atmospheric
chemical kinetics submodule in EMAC (MEDINA) that now supports the use of single precision arithmetic (FP32) while
managing to preserve numerical stability and accuracy. We evaluate the achieved computational performance (including time-
to-solution, scaling and memory usage) and numerical accuracy of the single precision implementation against standard double-
precision (FP64) CPU reference.

1.1 Floating point representation

In climate-chemistry modeling, physical parameters such as species concentrations, reaction constants, and sunlight inten-
sity are all represented as floating point numbers, and simulating chemical processes involves extensive use of floating point
operations.

The IEEE 754 Standard defines floating point encoding and functionality (IEEE, 2008). The standard provides foundational
formats to enable consistent calculations across platforms and sharing of floating point data while also specifies how floating
point arithmetic results should be approximated. Floating point representation might have an impact on application accuracy
when working with imprecise outcomes. In order to get the best performance with the precision necessary for any particular
application, it is crucial to take into account a variety of factors in a heterogeneous computing environment where numerical

operations are carried out on more than one hardware architectures.
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The fundamental binary floating point formats of 32 and 64 bits are called single and double precision floating point rep-
resentations respectively. Under the IEEE 754 standard, double-precision (64-bit) floating-point arithmetic provides 15-17
significant decimal digits of precision and a dynamic range of approximately 10¥3%%, while single-precision (32-bit) arithmetic
provides 7 significant decimal digits and a reduced dynamic range of approximately 10%38 (IEEE, 2008). Double precision has
been commonly the representation used in Earth System Model simulations, as it is natively supported by recent generations
of CPUs and enables greater numerical stability and precision. Lately, with the advent of GPU accelerators, the use of reduced
precision has been increasingly explored in geoscientific modelling, to balance the trade-off between numerical accuracy and
computational cost (Higham, 2002; Clune et al., 2017; Sophocleous and Christoudias, 2022).

Even though GPUs support floating point numbers and operations in both single and double precision, they are optimised for
single precision data structures arithmetic due to their historic development for graphics and very recently for machine-learning
workloads. Using single precision can effectively halve the requirements compared to double precision for GPU global and
cache memories, allowing more efficient data transfer over the memory hierarchy and the Arithmetic Logic Unit. Additionally,
the amount of single precision cores is greater (typically double) compared to double precision cores for each multiprocessor
that also contains in addition a set of 32-bit registers that are partitioned among the warps. Due to this architectural design,
throughput of single precision instructions is much higher than the equivalent for double precision (Whitehead and Fit-Florea,

2017).
1.2 The MEDINA code

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry and climate simulation system that
includes sub-models describing tropospheric and middle atmosphere processes and their interaction with oceans, land and
human influences (Jockel et al., 2006). It uses the second version of the Modular Earth Submodel System (MESSy2) to link
multi-institutional computer codes (Jockel et al., 2010). The core atmospheric model is the 5th generation European Centre
Hamburg general circulation model (ECHAMS, Roeckner et al., 2006). The physics subroutines of the original ECHAM code
have been modularized and reimplemented as MESSy submodels and have continuously been further developed. Only the
spectral transform core, the flux-form semi-Lagrangian large scale advection scheme, and the nudging routines for Newtonian
relaxation are remaining from ECHAM.

To compute the concentrations of and interactions between different species in the atmosphere, EMAC employs the module
MECCA (Sander et al., 2019), which incorporates the Kinetic Pre-Processor (KPP) general-purpose atmospheric chemistry
open-source software tool (Sandu and Sander, 2006; Damian et al., 2002). KPP numerically integrates atmospheric chemical
kinetics, which are expressed as a coupled system of ordinary differential equations (ODE). KPP operates on chemical reac-
tions written in a domain-specific language to output C and FORTRAN compatible code. The generated ODE solver enables
temporal integration of the Jacobian representing the complete kinetic system.

MEDINA is a software code that automatically generates Compute Unified Device Architecture (CUDA NVIDIA, 2013)
kernels to numerically integrate atmospheric chemical kinetics in the EMAC model (Alvanos and Christoudias, 2017b). A

compiler parses FORTRAN code generated by the Kinetic PreProcessor (KPP) and outputs CUDA API-compatible code to be
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compiled with the NVIDIA compiler suite. All Rosenbrock-family solvers (Hairer and Wanner, 1991) supported by KPP are
supported by MEDINA.

Performance evaluation of MEDINA v1.0, using Fermi and Pascal CUDA-enabled graphics processing unit (GPU) accel-
erators, shows achieved speed-ups of 4.5 and 20.4 x, respectively, of the kernel execution time (Alvanos and Christoudias,
2017a). A node-to-node real-world production performance comparison shows a 1.75x speed-up over the non-accelerated
model using the KPP three-stage Rosenbrock solver. In all cases, the accuracy and correctness of the accelerated implementa-
tion are evaluated by comparing to the CPU-only code of the application. The median relative difference is found to be less than
10~'° when comparing the output of the accelerated kernel the CPU-only code (Alvanos and Christoudias, 2019). Kerkweg
et al. (2025) achieved much higher speedup (in the range 5.14x to 7.69x) for larger vectors of chemical species, resulting in
greater computational load that can benefit from the capabilities of the GPUs.

As proposed in Sophocleous and Christoudias (2022), employment of single precision data structures for chemical kinetics
simulations can effectively halve memory requirements without compromising the accuracy of results with respect to double
precision, with maximum relative difference of ~ 1% in proof-of-concept initial investigations. Porting this concept to an
architecture optimised for single precision, like GPUs, can thus be expected to improve performance in terms of time-to-
solution, memory requirements and scalability.

The release of MEDINA v2.0 has added capability to output CUDA code that supports offloading of computational kernels
on GPUs that integrate atmospheric chemical kinetics in single precision. This paper presents the design and development
of the software code (Sec. 2.1), experimental determination of the speed-up achieved against the GPU-accelerated double
precision version of the software and against the original CPU code in a box model, and validation of the accuracy of the
results, and profiling of the generated GPU-kernels (Sec. 3.1). Production-ready model simulations with MEDINA v2.0 in the
EMAC model are also presented (Sec. 3.2) with evaluation of accuracy, speed-up and scalability on the Juelich Supercomputing

Centre Juwels Booster HPC system (Sec. 3.2.1).

2 Methodology
2.1 Implementation

In the box model configuration, the whole simulation is output in single precision. In order to enable storing of data in single
precision, but also keep the option of double precision, a new data type called REAL is introduced. REAL is interpreted as
"double" by default. It can also be interpreted as "float" if at compilation the flag _ SINGLEPREC is passed:

double, otherwise
All floating point number data structures of the simulations have been transformed to REAL, thus according to the flag passed
during compilation can either behave as double precision or single precision data structures during runtime. In addition, all

special math functions are replaced by their single precision counterparts during the compilation.
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During integration of the new version of MEDINA with the EMAC model, one of the challenges is typecasting. As reaction
rates, species concentrations and other variables used by chemical kinetics integration are in double precision in the rest of the
modules, single precision chemical kinetics code cannot be straightforwardly embedded in the EMAC model. Hence, the data
structures have to be typecast from double to single precision before the simulation of chemical kinetics and vice versa after
the completion of the operation in order to ensure that the kernels are run in single precision arithmetic, while all the other
submodules operate on the data in double precision.

For this reason, two approaches have been tested:

1. Typecasting is performed on the host CPU and arguments are transferred to the device for the CUDA kernel in single
precision. This implementation is optimal for data transfer on the GPU devices and can be easily unified with the
EMAC model. In addition, it benefits from native single precision floating point numbers operations on the GPU, and
lower memory requirements that enable better scalability and more complex and/or higher-resolution simulations. The
drawback of this approach is that, due to the bulk of data required to be typecast, all the speed-up achieved by the use of

single precision is contradicted by the time spent on the procedure of typecasting.

2. Offloading the chemical kinetics data in double precision to the CUDA kernel and perform the typecast to single precision
within the GPU. Performing the transformation on the device allows massive parallelisation for faster typecasting by
alleviating the barrier that appears when typecasting on the CPU. The main drawback of this approach is that it requires
~ 1.5x memory footprint on the device as memory is allocated for the data that is passed to the kernel in double
precision, with an additional half of the total memory also required to hold the variables in single precision prior to
computation. The resulting species concentrations are also typecast back to double precision on the device prior to
copying back to host. In this case two additional CUDA adapter functions have been implemented in the MEDINA

kernel for typecasting:

— __global__ void doubleToFloat (float =xout, double xin, int n)

— __global__ void floatToDouble (double xout, float =in, int n)

Both approaches are outlined in more detail in Fig. 1. After extensively testing the two approaches, typecasting on CPU prior
to GPU kernel execution was found to require overall more execution time. While this approach is straightforward to integrate
and benefits from the reduction of memory requirements on the device side, it is inferior in terms of performance. Benchmark
tests have shown that although the GPU kernel execution time was faster when compared to the typecasting-on-GPU approach,
any speedup obtained was outweighed by the typecasting operations on the host CPU, rendering this approach inefficient. Thus,
the benchmarking results presented (Sec. 3) are based on the second approach, where typecasting operations are offloaded to

the GPU and are executed massively in parallel.
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Typecast on new data structures in SP on Host

Y

on CPU on GPU cudaMalloc(&dev_conc, sizeof(double)*VL_GLO*(NSPEC))

Typecasting
Conc_s = REAL(Conc,SP) cudaMalloc(&dev_conc s,sizeof(float)*VL_GLO*(NSPEC))
cudaMemcpy(Conc(:), dev_conc, sizeof(double)*VL_GLO*NSPEC)

EGUsphere

‘ START ’
A

/ Load data on Host in DP /

Initialize devices and allocate memory (SP,DP)

Initialize devices and allocate memory (SP)

cudaMalloc(&dev_conc, sizeof(float)*VL_GLO*(NSPEC))

Y

Typecast to SP on Device
cudaMemcpy(Conc_s(:), dev_conc, sizeof(float)* VL_GLO*NSPEC) doubleToFloat< < <dimGrid,dimBlock>>>( &dev_conc_s, &dev_conc, VL_GLO*NSPEC)

update_rconst< < <dimGrid,dimBlock>>>( &dev_conc_s, &rconst_s, VL_GLO);
Rosenbrock< < <dimGrid,dimBlock>>>( &dev_conc_s, &rconst_s, &dev_status, VL._GLO);

reduce_status< < <dimGrid,dimBlock>>>( &dev_status, VL._GLO);

Chemical Kinetics Kernels

Copy the results to Host in SP

cudaMemcpy(&dev_status, gstatus, VL_GLO)

Y
Typecast results in DP on Host

\'
on CPU 4\ on GPU Typecast to DP on Device

cudaMemcpy(dev_conc, Conc_s(:) , sizeof(float)*VL_GLO*NSPEC) |<€

pecasting

Conc = REAL(Conc_s,DP)

Copy the results to Host in DP

Conc = REAL(Conc_s,DP)

cudaMemcpy(dev_conc, Conc_s(:) , sizeof(double)*VL_GLO*NSPEC)
cudaMemcpy(&dev_status, gstatus, VL_GLO)
RETURN

Figure 1. Single precision GPU-accelerated kernels with typecasting on CPU (Purple, Left Branch) or GPU (Cyan, Right Branch).
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Table 1. Node configuration on the Juelich Supercomputing Centre Juwels Booster

CPU Cores RAM (GB) TFlops GPU Cores VRAM (GB) TFlops
AMD EPYC 7402 24 512 1.075 | 4 x NVidia A100 4 x 6912 4 x 40 9.7 (DP) / 19.5 (SP)

2.2 Model configuration

MEDINA includes five numerical integrators commonly used in atmospheric chemical kinetics models: the two-, three- and
four- stage Rosenbrock family solvers (ros2, ros3, ros4) and the four- and six- stage Rodas family solvers (rodas3 and rodas4).
The software also includes a unit test with a chemical mechanism in a box model configuration. This chemical mechanism
includes 74 chemical species - 73 variable species and 1 fixed, and 77 chemical reactions and is reproduced a user defined
number of times (VL_GLO) to mimic the column vector element computational structure of an atmospheric model. The box
model simulation unit test is carried out for 30 days.

For the production EMAC model runs, we applied EMAC (MESSy version 2.55.0) in the T42L90MA and T10690MA res-
olutions, i.e. with spherical truncations of T42 and T106 (corresponding to a quadratic Gaussian grid of approximately 2.8
and 1.1 degrees in latitude and longitude respectively) and 90 vertical hybrid pressure levels up to 0.01 hPa. The chemical
mechanism used includes 360 reactions and 159 chemical species, with 156 species active and 3 fixed based on the configu-
ration described in detail in Jockel et al. (2016). With this configuration, simulations were run for one month (31 days). The
experiments were carried out on the Juelich Supercomputing Centre Juwels Booster HPC nodes. The configuration of each

Booster node is presented in Table 1.

3 Results

MEDINA has been extensively tested in terms of accuracy and performance. All the available solvers have been benchmarked
for the non-accelerated CPU version and the GPU-accelerated versions of double and single precision. The box model config-
uration has been benchmarked on a single node of the Juwels Booster with the utilization of 1 (of the 4 available) GPU against
a single CPU core. Scaling tests of the EMAC model have been conducted with up to 24 nodes with full available resources

(24 CPU cores and 4 GPUs per node).
3.1 Box model

The accuracy of the results of the box model has been verified for the final concentrations of the species after 30-day simu-
lations, by comparing the output by single precision GPU-accelerated simulations against the results of CPU-only reference
simulations in double precision. Fig. 2 shows on logarithmic axes the final concentrations of all species as output by single
precision (FP32) GPU-accelerated code against the double precision (FP64) CPU reference. The points align along the 1:1
line across the full range spanning fifty orders of magnitude, indicating excellent agreement. We present here the results of the

three-stage Rosenbrock solver (Ros 3), but all the available solvers have been tested and the results are similar.
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Figure 2. Final concentrations (molec/cm?) from the FP32 GPU implementation versus the FP64 CPU reference for all species using the

three-stage Rosenbrock solver for the box model configuration.

To quantify differences, we used the integrated unit test comparison post-processing routine in MEDINA, which computes,
for each species, a relative difference between the GPU and CPU end-state and reports whether it exceeds a user-defined
threshold. In FP64-vs-FP64 control runs, no species exceeded the nominal limit of 5%, and in fact were at 0.0004% or lower.
In FP32-vs-FP64 comparisons, all species with non-negligible volume mixing ratios met the accuracy criterion, other than
species that are chemically depleted and take values below the FP32 machine limit of representation. In those cases the absolute
volume mixing ratio discrepancies are lower than 10738 molec/cm?, and remain negligible compared to any atmospherically
relevant value.

We used the NVIDIA Nsight Systems (NVIDIA, 2023b) and NVIDIA Nsight Compute (NVIDIA, 2023a) performance
analysis tools for understanding and optimizing the performance of applications running on NVIDIA GPUs to gain more
quantitative insights on performance, and identify possible bottlenecks. The GPU-accelerated box model code has been profiled
on the HPC system for all five available solvers for both the FP64 and the FP32 implementations with grid-point vector length
VL_GLO = 576,000. As expected, most of the required simulation time (~ 99%) is spent in four procedures: allocation of
memory (cudaMalloc), copying the data from the host to the device (cudaMemcpy_Ht oD), integration of the sparse linear
system (Rosenbrock solver), and copying the data back from the device to the host (cudaMemcpy_DtoH). Nsight Systems
has shown that up to 94.5% of the required runtime is spent on the integration and only ~5-5.5% of the time is required for the
other processes. Profiling has also revealed improved kernel execution time for the Single Precision implementation compared

to Double, with a speedup (Eqn. 1) of 42%-45% depending on the selected solver (Table 2).
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Table 2. Required execution time for the Integrator CUDA Kernel as output by NVIDIA Nsight Compute for all five supported numerical
solvers in Double (DP) and Single Precision (SP).

Solver DP(s) SP(s) Speedup (%)

Ros2 2.40 1.69 42.01
Ros3 2.61 1.83 42.62
Ros4 322 222 45.05
Rodas3 2.60 1.79 45.25
Rodas4  4.93 342 44.15

Table 3. Memory transfer size between L1/L2 cache memories, L2/DRAM and L2 stitch edge cache memory in box model for Double and

Single Precision using Ros3 solver.

Memory Precision Read (GB) Write (GB) Total (GB) Reduction

Ll <12 Double 1198.08 642.29 1840.37

Single 1157.12 301.45 1458.57 20.75%
L2 <> DRAM  Double 354.94 525.37 880.31

Single 181.26 142.31 323.57 63.24%
L2 stitchedge  Double 1167.36

Single 776.27 33.05%

S[%) = 22 ISP 109 (1)
lsp

Additionally, as shown in Tab. 3, the single precision implementation achieves a reduction in memory traffic of more than
63% in L2 cache <+ DRAM processes, more than 20% in L1 cache <+ L2 cache processes, and more than 33% in L2 stitch
edge cache memory. This happens not only because memory requirements are lower for single precision, but also because hit
rates for both L1/Tex and L2 Cache memories are higher for single compared to double precision (Fig. 3b).

Fig. 3 presents memory-related processes of GPU-accelerated chemical kinetics. For this analysis, the 3-step Rosenbrock-
family (Ros3) solver was employed. The breakdown shows that the time spent in memory operations is slightly improved for
FP32 and that typecasting consumes a marginal amount of the total time-to-solution (Fig. 3a). Fig. 3b presents kernel-level
memory metrics as captured by NVIDIA Nsight Compute. Single Precision manages better throughput for both L1/Tex and L2

Cache memories, while hit rates are improved by more than 10%, indicating better utilisation of the GPU memory hierarchy.
3.2 EMAC model

This section evaluates the numerical accuracy of FP32 GPU implementation within the global EMAC model against the FP64

CPU and GPU versions. Fig. 4 demonstrates the relative difference M in total atmospheric mass of individual chemical species
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Figure 3. Profiling analysis of GPU-accelerated chemical kinetics for the Box Model using the Ros3 solver and VL_GLO = 576,000. (a)
Time consumption of memory-related processes obtained with NVIDIA Nsight Systems, including memory allocation (malloc), host-to-
device data transfer, typecasting, and device-to-host data transfer for single- (FP32) and double-precision (FP64). (b) L1/Tex Cache and L2
Cache Throughput and Hit Rates obtained with NVIDIA Nsight Compute for FP32 and FP64 implementations.

between the accelerated GPU version of the code in single precision and the CPU reference version.

M — M,
M;[%) = CPUMCP 5PU_32

(@)

The relative difference M; in Eq. 2 is expressed as the difference between the mass output from the FP64 CPU simulation
and FP32 GPU version over the mass computed by the reference CPU version. This analysis presents the 80 species with
the highest relative differences. For all species, the maximum relative difference remains below 0.004%;, indicating excellent
numerical agreement, well within the inherent systematic uncertainties in reaction rates. All other species with lower relative
differences are presented in Appendix Fig. Al.

In Fig. 5 we compare the final mass of all species as output by Single Precision GPU version against the Double Precision
GPU version using the global EMAC model in full production mode over a one-month simulation. Again, we find consistent
agreement across the range of masses spanning close to fifty orders of magnitude, with values almost perfectly aligned along
the 1:1 equivalence. This result demonstrates that single-precision arithmetic preserves the numerical integrity of the GPU-
accelerated chemical kinetics within EMAC. Results are essentially identical for FP32 against FP64 on GPUs, paving the way
for use in real-world production simulations.

Moreover, we evaluate the spatial consistency of chemical species between the two precisions (Fig. 6). The surface concen-

trations of key species, the hydroxyl radical (OH), the ozone (O3), and Nitrate (NO3) are compared along with their relative

10
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Figure 4. Relative difference (%) in total mass of species between the FP32 GPU implementation and the FP64 CPU reference in the EMAC

model.

differences (Eq. 2) at the end of the simulation. The spatial patterns for these species, are in excellent agreement between the
two simulations, with relative differences remaining low across the domain and consistent with the species-wise mass differ-
ences shown in Fig. 4. Elevated relative differences are confined to regions of very low concentrations, where absolute values
are close to zero. These results confirm that single-precision GPU chemistry accurately reproduces the double-precision CPU

solution.
3.2.1 Strong scaling

A strong-scaling assessment of MEDINA v2.0 in full production EMAC simulations was conducted on the JUWELS Booster
system (Alvarez, 2021) to evaluate the scalability and time-to-solution benefits of single-precision GPU chemistry. All experi-
ments were carried out using the following configuration on JUWELS Booster: twenty-four (24) CPU cores and four (4) GPUs
per node. For T42 resolution the experiments were carried out on 1, 2, 4, 6 and 8 JUWELS Booster nodes, while for T106 1,
2,4,8, 12, 16, 20 and 24 nodes were used.

Fig. 7 presents the scaling of the execution time (¢,) associated with the MEDINA chemical kinetics integration for the

FP32 and FP64 GPU implementations. The left panel (Fig. 7a) corresponds to simulations at T42 horizontal resolution, while
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Figure 5. Final mass (kg) of species from the GPU single precision against GPU double precision simulation in the global EMAC model.

the right panel (Fig. 7b) shows the results for the finer T106 resolution. Across all configurations and for both resolutions,
the execution-time distributions for the FP32 implementation are consistently reduced compared to FP64, indicating markedly
faster chemical kinetics integration when Single Precision is used. In terms of the average execution time (Eq. 3), FP32 achieves
a consistent ~ 30% improvement when compared to FP64, for all numbers of Nodes/GPUs used and for both model resolu-
tions, demonstrating robust scalability of the single-precision implementation. This performance gain derives from increased
throughput coming from the GPU architecture optimisation for single-precision floating-point operations.

Nsteps ¢

AET = ZS:l S
Nsteps

3)

The overall strong-scaling performance for the chemical kinetics component of EMAC at T42 and T106 resolutions is
presented in Fig. 8. The speedup (.S;) is defined in Eqn. 4 as the ratio of the time-to-solution on a given number of nodes
(t;) to the time-to-solution of the Double Precision implementation on a single node (t? PY. For both resolutions and all Node
configurations, the FP32 GPU implementation scores higher overall speedup compared to FP64, with the performance gap
increasing as more resources are provided.

t;

Si = tlDiP )

Our results demonstrate that single-precision GPU chemical kinetics significantly improves both the performance and scal-
ability of the EMAC ESM. The benefits are sustained for both resolutions and all node configurations, making FP32 GPU
chemistry with MEDINA v.2.0 an effective approach for accelerating large-scale Earth system simulations without compro-

mising numerical accuracy.
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4 Conclusions

This paper presents the development of MEDINA v2.0, with the added feature to produce single-precision (FP32) CUDA
kernels for atmospheric chemical kinetics ready to be integrated in the ECHAM/MESSy (EMAC) Earth system model. We
evaluate the single-precision GPU implementation of the MECCA chemical kinetics submodule and demonstrate that it can
reliably replace the FP64 GPU reference, delivering significant performance improvements while preserving numerical accu-
racy.

Accuracy assessments, for both the box-model configuration and full production-grade EMAC simulations, have shown
excellent agreement between the newly developed FP32 GPU version of the code and the FP64 CPU and GPU references.
Differences in species average mixing rations and total atmospheric mass remain below 0.004% in all cases, with larger relative

discrepancies to be found for species that are chemically depleted at the machine limit.

13



https://doi.org/10.5194/egusphere-2026-2389
Preprint. Discussion started: 30 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

(a) (b)

2.00

W Double Precision

W Single Precision 10

1#{4*11

le-01-

1.75¢

1.504

1.251

Time (s)
Time (s) - log

0.75]

0.50
0.251 # *
16 24 32

0.00

4 8 16 3 48 64 80 96

2
#GPUs #GPUs
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(a) T42 resolution with experiments conducted on 1 to 8 nodes; (b) Results for T106 resolution using 1 to 24 nodes on the JUWELS system.
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Figure 8. Strong-scaling speedup of the EMAC model on JUWELS for T42 (left) and T106 (right) resolutions, comparing FP64 and FP32

GPU chemical kinetics, against the number of GPUs used.
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In terms of performance, the FP32 GPU achieves better speedup, scalability, and memory utilization compared to its FP64
counterpart. For the box-model configuration, single precision consistently achieves lower normalised execution times for
all Rosenbrock-family solvers and problem sizes. By utilising NVidia profilers (Nvidia Nsight Compute and Nvidia Nsight
Systems) we have shown that FP32 performes better in memory operations and cache efficiency, with higher throughput and hit
rates for both L1/Tex and L2 cache memories. Although GPU typecasting introduces additional overhead, the enabled parallel
execution manages to keep the required execution time low, preserving the gains of kernel execution in single precision.

In production-scale EMAC simulations on the JUWELS Booster system, the FP32 implementation achieves an average
performance gain of approximately 30% in chemical-kinetics execution time relative to the FP64 GPU version, for both T42
and T106 resolutions and for all node configurations. Strong-scaling experiments have demonstrated that the acceleration
obtained is consistent and increases with system size, underlining the suitability of single-precision GPU chemistry for large-
scale, high resolution simulations.

As Earth system models rely on heterogeneous GPU-accelerated architectures, reduction in computational cost and per-
formance gain without accuracy compromising is essential. The presented approach demonstrates that single-precision GPU-
accelerated chemical kinetics can be safely integrated into EMAC and provide a framework with better time-to-solution and
memory management when compared to the nowadays standard Double Precision, improving efficiency and scalability of

computationally intensive model components.

Appendix A: Additional Results
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Code and data availability. The MEDINA FORTRAN to CUDA code-to-code compiler is developed in CUDA and Python and is included
in the EMAC model. A consortium of institutions continuously develops the EMAC model. The usage of EMAC and access to the source
code are licensed to all affiliates of institutions which are members of the MESSy Consortium. Institutions can become a member of the
MESSy Consortium by signing the MESSy Memorandum of Understanding. More information can be found on the MESSy Consortium
website (http://www.messy-interface.org). The code presented here was developed based on MESSy version 2.55.0 and will be available in
the next official release (version 2.56). The exact version of the MEDINA code used to produce the results used in this paper is archived on
the Zenodo repository under under the MIT lisence; DOI: https://doi.org/10.5281/zenodo.19882619 (Christoudias, 2026). All data sources
for the results presented are available with DOI:10.5281/zenodo.21442083 (Christoudias and Sophocleous, 2026).
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