
Vol.:(0123456789)

The Journal of Supercomputing          (2025) 81:445 
https://doi.org/10.1007/s11227-024-06893-1

Singularity to deploy HPC applications: a study case 
with WRF

Pierre‑Simon Callist Yannick Tondreau1 · Juan C. Perez1 · Juan P. Díaz1 · 
Vicente Blanco Pérez2 · Jonatan Felipe3

Accepted: 23 December 2024 
© The Author(s) 2025

Abstract
This study evaluates the performance and portability of the Weather Research and 
Forecasting model in high-performance computing environments, comparing tra-
ditional baremetal deployments with containerized executions using Singularity. 
Experiments were conducted on the TeideHPC system, focusing on execution time, 
the impact of different compilers (Intel vs. GCC), and parallelization strategies (MPI 
and OpenMP). The results indicate that while Singularity introduces a performance 
overhead of 11 to 15%, it offers significant advantages in portability and reproduc-
ibility. Additionally, the study highlights the importance of compiler choice and the 
influence of container image size on startup times, emphasizing the need for careful 
optimization in containerized HPC workflows.
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1  Introduction

The Weather Research and Forecasting (WRF) model [1] is one of the most 
widely used numerical weather prediction systems, developed to meet both 
research and operational forecasting needs. Its extensive adaptability across vari-
ous scales, from meters to thousands of kilometers [2–4], and its application in 
diverse atmospheric phenomena [5–7] have made WRF indispensable in mete-
orology, climate studies [8–10], and other earth sciences. According to Powers 
et al. [11] , the broad applicability of WRF is demonstrated by its use in institu-
tions worldwide, where it supports tasks ranging from academic research to real-
time operational forecasting .

The computational demands of WRF [12], particularly when configured for 
high-resolution simulations in large domains, require the use of high-perfor-
mance computing (HPC) environments. The computational intensity arises from 
the complex physical processes being modeled, including detailed atmospheric 
dynamics, land surface interactions, and radiative transfer processes, which must 
also be simulated with a temporal resolution proportional to the spatial resolu-
tion. Since these are limited-area models, to account for processes occurring 
outside their region of interest, these models must be periodically fed with data 
from global-scale prediction or reanalysis models, such as those provided by the 
Global Forecast System (GFS) [13] or ERA5 reanalysis [14], to update boundary 
conditions and ensure accurate predictions. Therefore, due to their high computa-
tional complexity, as well as storage and communication requirements, the neces-
sity of HPC systems for the execution of WRF limits its use to organizations with 
a significant computational infrastructure, such as national weather services and 
large research institutions [15].

As HPC environments evolve, there is a growing interest in enhancing the 
flexibility and reproducibility of deploying models like WRF. Containerization 
technologies have emerged as promising solutions that provide a way to encap-
sulate applications and their dependencies into portable, reproducible containers. 
Docker [16], the most popular containerization platform, has revolutionized soft-
ware deployment across various fields by simplifying the management of appli-
cation environments. However, Docker’s reliance on privileged access to system 
resources raises security concerns, particularly in multi-user HPC environments 
where resource management is critical [17, 18]. Consequently, alternatives such 
as Singularity [19] have been developed specifically for HPC, offering better inte-
gration with HPC infrastructures while maintaining security by allowing users to 
run containers without root access [20].

Singularity has gained traction in the HPC community because of its ability to 
deliver near-native performance, a crucial requirement for performance-sensitive 
applications such as WRF. Studies have shown that while Singularity introduces 
some overhead compared to baremetal execution, it offers significant benefits in 
terms of portability, ease of deployment, and reproducibility [21].

Despite advances in containerization, the deployment of WRF remains a com-
plex task due to the intricacies of the model itself and the architecture of the 
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machines on which it runs. Various factors affect the performance and scalability 
of WRF, including the choice of compiler, the configuration of the problem to be 
solved, and the strategies used for parallel execution through MPI and OpenMP 
[22]. Previous studies, such as those of Christidis, have highlighted the impor-
tance of optimizing these factors to improve the performance of WRF on different 
HPC systems [23, 24]. Furthermore, the management of input/output (I/O) opera-
tions, which can become a bottleneck in large-scale simulations, plays a critical 
role in overall performance [15].

Given the complexity of WRF and the diverse architectures of HPC systems, 
this study aims to evaluate the performance and portability of WRF when deployed 
using Singularity containers. By systematically analyzing the effects of different 
compilers, execution strategies, and containerization approaches, this study aims to 
provide insights into the trade-offs between performance and portability. The find-
ings will contribute to the ongoing efforts to optimize WRF deployments in modern 
HPC environments, balancing the need for computational efficiency with the ben-
efits of containerized applications.

This paper is organized as follows. Section 2 provides an overview of the WRF 
model and the weather forecast case study used to test different configurations ana-
lyzed in this work. Section 3 details the hardware configuration used in our experi-
ments. Section 4 outlines the experimental setup, including the specific configura-
tions tested. Section  5 presents the results, highlighting key performance metrics 
and comparisons between different setups. Finally, Section 6 concludes the paper, 
summarizing our findings and suggesting directions for future research.

2 � WRF model

The Weather Research and Forecasting (WRF) model [1] is a widely used numeri-
cal weather prediction system that serves both research and operational forecasting 
needs. Developed through a collaborative effort among multiple institutions, WRF 
provides a flexible framework for atmospheric simulations across scales ranging 
from meters to thousands of kilometers and with time horizons varying from a few 
hours to several decades. This flexibility has made WRF one of the most popular 
models in the meteorological and climate community, with applications ranging 
from academic research to real-time operational forecasting.

The extensive use of WRF in various fields, including climate studies, air quality 
research, and emergency response planning, underscores its versatility. For instance, 
the model’s ability to simulate high-impact weather events has made it a critical tool 
for forecasting agencies worldwide, particularly in regions prone to extreme weather 
conditions.

2.1 � Problem description

In this study, we employ WRF to perform a weather 24  h hindcast simulation 
(model run that is conducted using historical data to recreate past conditions) over 
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a multi-domain setup, which includes three nested domains in the North Atlantic 
region centered over the Canary Islands. These domains are configured to progres-
sively increase spatial resolution from the outermost to the innermost region, captur-
ing finer atmospheric details as the simulation area narrows. The spatial resolutions 
of these domains are set to 27, 9, and 3 km, respectively, as shown in Fig. 1. The 
initial and boundary conditions are provided by the GFS data set [13] for the time 
interval between, where the boundary information is updated every six hours. The 
forecast runs for a period of one day, with output generated at hourly intervals, pro-
viding detailed temporal snapshots of the atmospheric state.

Due to the complexity of the Earth–Atmosphere–Ocean system, numerical mod-
els such as WRF used for its simulation need to perform a set of approximations. 
This is primarily because there are physical processes that occur at a much smaller 
spatial or temporal scale than the resolution chosen for the simulation. These include 
the microphysical processes involved in the formation of clouds or precipitation, the 
turbulence governing the atmospheric lower layer, or the processes governing the 
interaction of electromagnetic radiation in the system. In order to represent these 
processes not explicitly resolved by the model, a set of parameterizations is used that 
attempt to approximate these processes based on the variables that the model does 
resolve. Table 1 shows this set of unresolved processes as well as the scheme chosen 
in the simulations carried out in this work, which are crucial to the accuracy of the 
simulation and are carefully chosen based on the specific requirements of the study 
area [4]

Under these conditions, both the preprocessing of the input data and the 24-hour 
weather forecast are run in the HPC environment and the hourly outputs are saved 
in the storage system. These outputs include a large number of two-dimensional 

Fig. 1   WRF domain configuration. Domain 01: 100 x 97 grid points at 27 km resolution, Domain 02: 
136 x 82 cells at 9 km, Domain 03: 238 x 136 cells at 3 km
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(latitude, longitude) and three-dimensional (latitude, longitude, height/depth) vari-
ables. As a reference, for the selected configuration, the simulation generates about 
600 MB of data.

2.2 � Compilation

Compilation of the WRF model is a critical step that directly impacts the perfor-
mance of the simulations. For this study, two different compilers were used: the 
GNU Compiler Collection (GCC) and the Intel Classic Compiler. The choice of 
compiler can significantly affect the execution speed and efficiency of the WRF 
model, as each compiler optimizes code differently [30]. In our compilation pro-
cess, we utilized the default optimization flags provided by each compiler, avoid-
ing any custom optimizations to focus on the model’s portability across different 
environments.

Load imbalances, a common issue in WRF simulations, occur when different pro-
cessors complete their tasks at different times, leading to inefficiencies [23]. This 
imbalance can be exacerbated by the complex physical processes simulated and the 
varied computational demands in different domains [23]. Managing these imbal-
ances is crucial to optimizing performance, particularly in large-scale simulations. 
However, in our study, we prioritize portability over performance optimization, in 
order to evaluate how well WRF can be deployed across different HPC environ-
ments using containerization technologies.

To manage the complex library dependencies required by WRF, we employed 
the Spack package manager. Spack [31] simplifies the installation and management 
of software packages in HPC environments, allowing reproducible WRF builds on 
different systems. This approach ensures that our focus remains on evaluating the 
portability of the model rather than optimizing it for a specific system configuration.

2.3 � Configuration

The configuration of WRF simulations involves several parameters that directly 
influence performance, in addition to those affecting the representation of physi-
cal processes. One of the most critical aspects is domain decomposition, where 
the computational domain is divided among multiple MPI processes (or "tasks"). 
This decomposition is controlled by the nproc_x and nproc_y parameters, which 

Table 1   WRF model parameterizations used in the experiments

Physical process Parameterization scheme References

Cumulus parameterization Betts–Miller–Janjic (BMJ) [25]
Planetary boundary layer (PBL) Mellor–Yamada–Janjic (MYJ) [26]
Land surface model (LSM) Unified Noah land surface model [27]
Radiative processes CAM shortwave and longwave schemes [28]
Microphysics Thompson microphysics [29]
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determine the number of MPI processes allocated to each dimension of the domain 
grid. The choice of these parameters plays a pivotal role in balancing communica-
tion overhead and computational efficiency. In our experiments, we used WRF’s 
default settings for nproc_x and nproc_y, which typically assigns nproc_y to be 
greater than or equal to nproc_x, with minimal difference between the two. This 
configuration is designed to optimize cache usage and reduce communication costs.

In addition to dividing the domain between MPI processes, WRF further sub-
divides the computational grid based on the number of OpenMP threads assigned 
to each MPI process. Each MPI process is responsible for a specific section of 
the domain, and within that section, the grid is further divided into smaller "tiles" 
that are distributed across the OpenMP threads. This approach allows for a hybrid 
parallelization strategy, leveraging both MPI for inter-process communication 
and OpenMP for multi-threading within each process. By adjusting the number 
of OpenMP threads, we effectively altered the distribution of WRF tiles, which 
impacted performance depending on the computational resources available.

Another crucial configuration aspect is the Input/Output (I/O) management, 
which can become a bottleneck in large-scale simulations. WRF offers several 
options to optimize I/O, such as asynchronous I/O and parallel I/O, which can sig-
nificantly reduce the time spent writing output files. This is especially critical when 
the number of computational cores used in the simulation is very high [22]. How-
ever, to maintain the focus on portability, we opted to use the default I/O settings, 
which are more broadly applicable across different HPC environments.

By configuring WRF with a balance between default settings and necessary 
adjustments for our study, we aimed to create a portable and reproducible simula-
tion environment. This approach allows us to assess how WRF performs in various 
containerized setups, providing insights into the trade-offs between portability and 
performance in HPC applications.

3 � Hardware

The experiments carried out in this study were executed on the Teide High-Perfor-
mance Computing (TeideHPC) system, a state-of-the-art supercomputing facility 
managed by the Instituto Tecnológico y de Energías Renovables (ITER) in Tenerife, 
Spain [32]. TeideHPC is designed to support a broad spectrum of computationally 
intensive scientific and industrial applications, making it an ideal platform for the 
execution of demanding simulations like those of the WRF model.

TeideHPC’s architecture is based on a cluster of compute nodes, each equipped 
with dual Intel Xeon E5-2670 processors from the Sandy Bridge generation, as 
shown in Fig. 2. These processors provide 16 cores per node (8 cores per proces-
sor), offering substantial computational power that is crucial for the parallel process-
ing requirements of high-resolution weather simulations. Each node is also outfitted 
with 32 GB of RAM, sufficient to handle the large memory demands of the WRF 
model and similar computational tasks.

The compute nodes in TeideHPC are interconnected via a 100 Gbps Infiniband 
[33] EDR network, which ensures low-latency and high-throughput communication 
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between nodes. This network configuration is essential for minimizing the time spent 
on inter-node communication during parallel computations, thereby optimizing the 
overall performance of the HPC environment.

TeideHPC also features a NetApp storage system with a capacity of 2.6 petabytes, 
configured in a clustered setup with redundancy and spare disks. This storage infra-
structure is designed to prevent data loss and ensure high availability, which is critical 
for long-running simulations and data-intensive applications.

For the experiments described in this study, exclusive access to a subset of the total 
compute nodes available was granted, ensuring that the hardware resources were fully 
dedicated to our work. This exclusivity was key in eliminating potential performance 
variability due to resource sharing, thereby providing consistent and reliable bench-
marking results.

In terms of software, the system operates on a Linux-based operating system, which 
is standard in HPC environments due to its stability and optimization capabilities. Sin-
gularity was used for running containerized applications, offering a secure and perfor-
mance-optimized alternative to Docker, which was initially used to build the container 
images. As mentioned before, the management of software dependencies was handled 
by Spack.

Fig. 2   Architecture of a compute node featuring dual Intel Xeon E5-2670 processors, showcasing the 
core distribution and memory organization. The node is divided into two processor packages: Pack-
age L0 with 16 GB of memory and Package L1, also with 16 GB of memory, each corresponding to a 
NUMA (Non-Uniform Memory Access) node. Both packages have 8 cores each (L0 to L7 for Package 0 
and L8 to L15 for Package 1). Each core has dedicated L1 and L2 caches, with 32KB for both instruction 
and data at the L1 level and 256KB for L2. A shared 20MB L3 cache is accessible by all cores within 
each package
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4 � Experimental setup

The experimental setup for this study was designed to assess the performance 
and portability of the Weather Research and Forecasting (WRF) model across 
various configurations in high-performance computing (HPC) environments. 
The experiments focused on comparing the performance of WRF in traditional 
baremetal deployments versus containerized environments using Singularity, 
analyzing the impact of different compilers, and exploring various paralleliza-
tion strategies. This section outlines the key components of the experimental 
setup, including the containerization approach, automation of deployment, and 
the specific experiments conducted.

4.1 � Containerization with Singularity

The WRF model was initially containerized using Docker. Dockerfiles were 
created to define the environment, including the base operating system, neces-
sary libraries, MPI configurations, and the WRF model itself. Once the Docker 
images were built, they were converted into Singularity images using the dock-
er2singularity tool. This process ensured that the containerized application 
retained all the benefits of Docker’s extensive ecosystem while being optimized 
for execution in an HPC environment using Singularity.

One key aspect of the container build was the use of Spack to manage the 
installation of the WRF model and its dependencies. The Dockerfile employed 
a multi-stage build process, beginning with a Spack pre-installed image where 
necessary tools like GCC, OpenMPI, and WRF were compiled and installed. 
The Dockerfile specified the installation and concretization of WRF (version 
4.5) and WPS (Weather Preprocessing System) through Spack, ensuring that all 
software packages were optimized for the target architecture and installed into 
a uniform environment. Furthermore, Spack allowed us to activate the environ-
ment with the necessary configurations through a profile script, ensuring that the 
required paths and environment variables were correctly set at runtime.

To minimize the size of the final container image, all binaries were stripped 
of unnecessary debugging symbols and metadata, further improving execution 
efficiency by reducing startup overhead.

While Singularity provides significant benefits in terms of portability and 
ease of deployment, there is an inherent performance overhead due to the addi-
tional layer of abstraction between the application and the hardware. This study 
aimed to quantify this overhead and determine whether the advantages of con-
tainerization, such as improved reproducibility and deployment flexibility, jus-
tify the associated performance costs. Previous studies have shown that Sin-
gularity can achieve near-native performance, although the degree of overhead 
varies depending on the specific application and HPC system [34].
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4.2 � Automation of deployment

To streamline the deployment and execution of the experiments, we developed cus-
tom automation tools. They were designed to manage the entire workflow, from 
configuring the HPC environment to running the simulations and collecting perfor-
mance data. The automation ensured that each experiment was executed under iden-
tical conditions, minimizing human error and variability. The scripts also facilitated 
the efficient deployment of the Singularity containers across multiple nodes, auto-
matically configuring the necessary environment variables, and handling the input/
output (I/O) operations required by WRF.

The automation software was developed using a combination of Bash scripting 
and Python, designed to integrate seamlessly with the Slurm workload manager 
on TeideHPC. All experiments were executed using the srun command, with the 
–exclusive attribute to ensure whole-node allocation for optimal resource usage. This 
approach provided several benefits: by allocating entire nodes exclusively to each 
job, it minimized potential resource contention from other processes, allowed full 
control over node resources (such as CPU cores and memory), and ensured more 
predictable performance. This setup also facilitated efficient scaling across multi-
ple nodes and ensured uniform configuration for both baremetal and containerized 
environments.

Table 2   Experiment execution 
configurations

Conf. Env. Comp. Nodes Tasks x Node CPU x Task

1 1 8
8 Singularity Intel 1 2 4
Cores Baremetal GCC​ 1 4 2

1 8 1
1 1 16
1 2 8
1 4 4

16 Singularity Intel 1 8 2
1 16 1

Cores Baremetal GCC​ 2 1 8
2 2 4
2 4 2
2 8 1
2 1 16
2 2 8
2 4 4

32 Singularity Intel 2 8 2
2 16 1

Cores Baremetal GCC​ 4 1 8
4 2 4
4 4 2
4 8 1
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4.3 � Experiments

A comprehensive set of experiments was conducted to assess the performance 
of WRF under various conditions, as shown in Table  2. The experiments were 
designed to compare the following.

•	 Baremetal vs. Containerized Execution: Evaluating the performance differ-
ence between running WRF natively on the hardware (baremetal) and within a 
Singularity container.

•	 Compiler Impact: Analyzing how different compilers (e.g., Intel vs. GCC) 
affect the performance of WRF, considering aspects such as compilation time, 
execution time, and optimization levels. Note that the optimization levels 
analyzed in these experiments are specific to the WRF configuration options 
rather than compiler-specific optimizations

•	 Execution Strategies: Assessing the impact of different execution strategies, 
such as varying the number of tasks per node and the use of CPUs per task, 
which will be used to compare the performance of MPI vs. OpenMP.

Several configurations were tested by varying the number of cores, the environ-
ment (baremetal vs. containerized), the compiler, and the task allocation strategy. 
These configurations are detailed in Table 2.

•	 Nodes: Refers to the number of physical machines used for each experiment. 
In this case, the experiments used 1, 2, or 4 compute nodes.

•	 Tasks per Node: Denotes the number of parallel tasks (MPI processes) 
assigned to each node. Different configurations varied the number of tasks, 
ranging from 1 to 16, in order to examine the scalability of WRF under differ-
ent parallelization strategies.

•	 CPUs per Task: Specifies the number of CPU cores allocated to each MPI 
task. This value was varied to observe how dividing resources among tasks 
affected overall performance.

The primary metric used for evaluating performance was the elapsed wall 
clock time to complete a 1-day simulation over the 3 nested domains. This metric 
provided a clear indication of the computational efficiency of WRF under differ-
ent configurations. Additional metrics included CPU utilization, memory usage, 
and I/O performance, which were analyzed to provide a comprehensive under-
standing of how different factors influenced overall performance.

The combination of these tests allowed for a thorough analysis of how these 
configurations impact the performance of the WRF model in a high-performance 
computing environment, providing valuable insights into the trade-offs between 
portability and performance.
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5 � Results

Performance evaluation of the WRF model was conducted through a series of 
experiments designed to compare different execution environments, compilers, 
and execution strategies. The primary focus was on understanding the impact of 
running WRF on baremetal hardware versus within a Singularity container, as 
well as assessing the influence of different compilers and parallelization strate-
gies. The results presented here provide insights into the trade-offs between per-
formance and portability in a high-performance computing (HPC) context. Fol-
lowing the configurations described in Table 2, three simulations were performed 
for each of them and the results presented in this section correspond to the aver-
age value of their execution times, in order to avoid spurious results as a conse-
quence of an anomalous execution. In general, as the machine was exclusively 
dedicated to these experiments, the execution times obtained were quite homoge-
neous for the 3 simulations.

Fig. 3   Singularity WRF time execution overhead compared to baremetal. The results are grouped 
according to the number of cores used (columns) as well as by the number of nodes used (rows)
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5.1 � Baremetal versus Singularity container performance

One of the primary goals of this study was to compare the performance of WRF 
when executed on baremetal hardware versus within a Singularity container. Fig-
ure  3 shows the average overhead of different experiments performed using Sin-
gularity with respect to the average of the best runs with the same configuration 
executed directly on the platform. In general, a performance degradation is observed 
when using Singularity containers, attributed to the overhead introduced by the con-
tainer load process and the containerization layer.

This comparison, which includes simulations performed with different compilers, 
shows that, if the initial loading time of the containers on the compute nodes is not 
taken into account, the degradation introduced by containerization does not exceed 
15% and that this degradation, in general, increases with the number of nodes used 
as well as with the number of MPI tasks executed per node, which reveals the over-
head introduced as a consequence of inter-container communications. However, 
when the container loading time is considered, it is noted that the degradation 
increases considerably and that this degradation is more pronounced as the number 
of tasks (containers) per node increases.

Analyzing the initialization process, the overhead in loading Singularity contain-
ers is closely related to their size, as it directly impacts both the time required to read 
them from the storage system where they reside and the time needed to decompress 
these files and execute their contents. After analyzing various factors that influence 
the loading time, it becomes evident that the decompression of the container image 
accounts for the majority of the time consumed. This overhead becomes particularly 
evident when increasing the number of containers per node, as can be seen in Fig. 4, 
due to competition for node resources, primarily the memory access penalty. Such 
contention can significantly degrade the efficiency of container loading, leading to 
a noticeable drop in overall performance as can be appreciated in Fig. 3 when the 
number of containers per node increases to 16. Therefore, a critical factor is to mini-
mize the container size by removing all libraries that are not strictly necessary.

5.2 � Impact of compilers

The choice of compiler also significantly impacted the performance of the WRF 
model. Two major compilers were tested: Intel and GCC, each known for their 
strengths in different aspects of HPC workloads.

Figure 5 shows the results of different experiments grouped by the compiler used. 
In a configuration with 4 nodes, 8 tasks per node and 2 CPUs per Task, the Intel 
compiler on baremetal achieved an average execution time of 1694.75  s, whereas 
the GCC compiler took 1723.94 s. The same configuration in Singularity (excluding 
load time) resulted in execution times of 2066.85 s with Intel and 1872.43 s with 
GCC, indicating that while Intel showed superior performance in baremetal, the 
relative advantage was reduced in the containerized environment due to the added 
overhead.



Singularity to deploy HPC applications: a study case with WRF﻿	 Page 13 of 22    445 

In general, the Intel compiler showed an average performance improvement of 
1.7% over GCC in baremetal environments, but this margin decreased to 1.2% in 
Singularity. This trend suggests that the optimizations provided by Intel are some-
what mitigated by the containerization process. The results are consistent with pre-
vious studies [30] that have compared the efficiency of these two compilers for WRF 
and a specific hardware environment, with Intel typically offering better perfor-
mance in handling complex computations and parallel processing tasks.

A more detailed analysis of the results obtained is shown in Fig. 6, which show 
the execution times of different experiments for executables generated by the Intel 
and GCC compilers, respectively, considering also the effect of containerization. It 
is worth noting the penalty introduced when the simulation is performed in the con-
tanerized environment when using the Intel compiler, which is appreciably higher 

Fig. 4   Singularity container spin-up (load) times for different node and task configurations. The x-axis 
represents the number of tasks per node (1, 2, 8, and 16), while the y-axis indicates the spin-up time in 
minutes. The panels are organized by total core counts (8, 16, and 32 cores) and the number of nodes (1, 
2, and 4)
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than that for GCC executables. It is also observed that this overhead is mainly due 
to the loading time of the containers, due to the difference in size between the two 
containers, twice as large in the case of Intel libraries, which justifies that the differ-
ence in performances for both compilers is reduced for containerized environments.

5.3 � Execution strategies: MPI and OpenMP

The experiments also explored the impact of different parallel execution strate-
gies, specifically focusing on MPI (Message Passing Interface) and OpenMP (Open 
Multi-Processing). The results indicated that the configuration and tuning of these 
parallelization strategies play a crucial role in optimizing the performance of WRF.

As expected, the WRF model scales quite well, as has been extensively evalu-
ated by other authors for HPC environments with up to tens of thousands of proces-
sors [22]. Focusing on the execution strategy, Fig. 7 shows the execution times for 

Fig. 5   Execution times based on the compiler used: ICC (black) vs. GCC (blue). The columns group the 
experiments according to the total number of cores used: 8 (left), 16 (center), and 32 (right), while the 
rows group the results according to the number of nodes used: 1 (top), 2 (middle), and 4 (bottom) (Color 
figure online)
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different configurations in terms of the total number of cores and the total number 
of nodes used when the mixed MPI and OpenMP strategy is employed. Since dur-
ing the execution of the tests, the number of threads assigned to a processor never 
exceeds the maximum number of cores it has, one initial conclusion drawn from 
these results is that, given the same number of cores used, configurations that uti-
lize more nodes provide better performance than those running on fewer nodes. This 

Fig. 6   Execution times overhead based on the compilers in Singularity against baremetal: ICC in Singu-
larity (black) vs. GCC in Singularity (dark blue) vs. ICC in Singularity without load time (blue) vs. GCC 
in Singularity without load time (light blue). The columns group the experiments according to the total 
number of cores used: 8 (left), 16 (center), and 32 (right), while the rows group the results according to 
the number of nodes used: 1 (top), 2 (middle), and 4 (bottom) (Color figure online)

Fig. 7   Execution times for MPI+OpenMP Hybrid strategy: Singularity (black), Singularity without load 
(blue), and baremetal (light blue). Grouped by core count (8, 16, and 32) and number of nodes (1, 2, 4) 
(Color figure online)
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highlights the importance of memory access for this application, in which, despite 
the communication overhead between different nodes, the performance improves 
when the computational domains are distributed across multiple nodes.

If we focus exclusively on the executions performed with the message-passing 
strategy, Fig. 8, the same behavior is observed regarding the distribution of cores 
across different nodes. Furthermore, if we also consider the results shown in Figs. 3, 
4, 56 concerning the relevance of assigning the number of tasks per node, a sig-
nificant improvement is observed when moving from 1 to 2 tasks per node. How-
ever, this improvement is not as noticeable when increasing the number of tasks per 
node beyond 2, which aligns with a distribution of the computational domain into as 
many tasks as processors available.

Finally, if we adopt a strategy based exclusively on OpenMP, Fig.  9, a signifi-
cant penalty (ranging from 30% to 50%) in execution times is observed compared to 
hybrid configurations. This increased overhead is due to the combined effects of sev-
eral factors related to the efficient utilization of the memory hierarchy within com-
pute nodes.

As mentioned above, WRF computationally partitions the domain between the 
requested MPI tasks. Within each patch, the OpenMP strategy takes over, parallel-
izing the loops responsible for solving the physical equations using threads. As a 
result, reducing the number of MPI tasks, thereby increasing the size of the resulting 
patches, negatively affects the efficient utilization of the memory hierarchy.

To evaluate the memory usage during the execution of the WRF model under 
different configurations, several performance indicators were analyzed, and the 

Fig. 8   Execution times for Full MPI strategy: Singularity (black), Singularity without load (blue), and 
baremetal (light blue). Grouped by core count (8, 16, and 32) and number of nodes (1, 2, 4) (Color figure 
online)

Fig. 9   Execution times for Full OpenMP strategy: Singularity (black), Singularity without load (blue), 
and baremetal (light blue). Grouped by core count (8, 16, and 32) and number of nodes (1, 2, 4) (Color 
figure online)
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results are shown in Figs.  10, 11, and 12, which, respectively, present the per-
centage of L3 cache misses, the number of page faults, and the number of thread 
migrations for a single compute node under three distinct scenarios.

When evaluating the cache misses impact, it can be seen that the penalty of 
a pure OpenMP strategy increases by approximately 8% compared to the pure 
MPI executions. However, page fault and thread migration metrics exhibit a much 
more pronounced differentiation. Specifically, in the pure OpenMP strategy, the 
number of page faults escalates due to the larger domain size, leading to a signifi-
cant increase in thread migrations. This, in turn, results in the invalidation of the 
level 1 and level 2 caches, causing a corresponding reduction in performance.

Fig. 10   Comparison of LLC data cache miss rate across varying OpenMP thread counts (1, 8, and 16) for 
different MPI task distributions per node (1, 2, and 16)

Fig. 11   Page faults registered as a function of the OpenMP thread counts (1, 8, and 16) for different MPI 
task distributions per node (1, 2, and 16)

Fig. 12   Migration counts across varying OpenMP thread counts (1, 8, and 16) for different MPI task dis-
tributions per node (1, 2, and 16)
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5.4 � Proposed solution

From the previous analysis, it can be deduced that to make efficient use of the 
HPC platform where the model is executed, it is convenient to carefully analyze 
the size of the resulting patches (MPI processes) to optimize the use of differ-
ent levels of cache memory available in the architecture. This approach favors 
the use of MPI tasks over the intensive use of OpenMP threads. However, since 
the primary goal of this work is to facilitate deployment and portability across 
different HPC environments, the study conducted allows proposing an easy-to-
implement rule that enables the execution of WRF simulations while minimizing 
performance losses.

For a given architecture with N compute nodes, each equipped with P pro-
cessors and C cores per processor, we propose the use of Singularity containers 
combined with a hybrid OpenMP/MPI strategy. In this approach, N × P Singu-
larity containers are deployed as MPI tasks, with each task utilizing C OpenMP 
threads. This configuration strikes a balance between domain partitioning into 
patches assigned to each MPI task and limiting the overhead associated with an 
increased number of Singularity containers.

Using this rule of thumb, we conducted several simulations using 2 nodes with 
the same configuration described in Sect. 2, extending the forecast horizon to 3 
days to assess the penalties introduced by using containers compared to the native 
solution. Figure 13 shows the average execution times using the proposed strategy 
and the best configuration, i.e., running directly over baremetal using a full MPI 
strategy. The data reveal an overhead of 16.8% when employing the Singularity 
container-based strategy. However, this penalty is deemed acceptable given the 
significant benefits provided by the containerized solution, including enhanced 
portability and ease of deployment.

Fig. 13   Comparison of execution times for 3-day weather prediction simulations using the proposed con-
figuration: a) Singularity environment, b) Baremetal environment
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6 � Conclusions

This paper evaluates the use of containers for the deployment of the WRF appli-
cation in HPC environments. A set of experiments is designed to evaluate dif-
ferent aspects that affect the performance of the runs of this application and 
how these effects are transferred to a containerized environment. Thus, different 
experiments were carried out using different compilers and different execution 
strategies with MPI and OpenMP both in baremetal systems and using Singular-
ity containers.

The results showed that proper domain decomposition and task allocation were 
crucial for optimizing performance.

Regarding the compiler choice, although in general runs with the intel compiler 
provide better results, when migrating the corresponding libraries to a container-
ized environment, the size of the resulting image causes a penalty in the overall 
performance.

Another critical aspect is the choice of the execution strategy. While in traditional 
direct run on baremetal systems, in general, an increase in MPI tasks provides better 
results, when using Singularity a compromise between the number of containers to 
be deployed and the number of OpenMP threads assigned to each container must be 
found due to the high cost of loading the containers on the compute nodes.

These results illustrate the performance trade-offs between compilers and the 
overhead introduced by containerization.

Another key contribution of this work was the development of an automation 
framework that simplifies WRF deployment across heterogeneous HPC environ-
ments. This automation frees users, particularly those without HPC expertise, from 
the complexities of compilation and configuration. The ability to deploy WRF easily 
and consistently on various HPC systems ensures reproducibility and simplifies the 
overall process.

Despite the observed performance overhead of approximately 15% due to con-
tainerization, the benefits of portability, ease of deployment, and reproducibility 
make Singularity a valuable tool for WRF deployment in environments with varied 
HPC resources. For example, even with 2 nodes and 2 tasks per node, performance 
degradation in Singularity was noticeable, but acceptable when considering the 
convenience of containerization. The ability to run complex simulations in environ-
ments that lack dedicated HPC infrastructure democratizes access to high-perfor-
mance weather simulation tools, allowing broader participation from users, institu-
tions, and countries with limited resources.
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