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ABSTRACT

This paper investigates the high-performance computing (HPC) implementation in the
field of meteorology, the challenges, and the future benefits. It is associated with
utilizing HPC parallelism to simultaneously execute multiple tasks or operations for
meteorological research. Merely a few people are aware of HPC's role in generating
weather forecasting, climate modeling, and data assimilation. Our investigation
elaborates on, identifies, and analyzes the features and characteristics of parallel
computing that are utilized in it. The paper also focuses on examining parallelization
modeling, the algorithms involved, and optimization strategies employed in HPC-
enabled meteorological simulations. By addressing significant aspects of HPC in
meteorological research, it helps the scientific community identify emerging trends
and future directions for leveraging HPC in meteorology. Further issues can be studied
for integrating big data analytics and machine learning into HPC computing
architectures.
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1. Introduction

The first high-performance computer (HPC) was built in the mid-1960s and has revolutionized
every scientific, biological, physic, and mathematical area. Nowadays, HPC is a must-have piece of
hardware in the field of meteorology, with contributions given by enabling advanced simulations,
data analysis, and weather prediction models. Parallelism in high-performance computing (HPC)
refers to the technique of simultaneously executing multiple tasks or operations to solve complex
problems efficiently. The objective of this paper is to review the advantages of parallelism in high-
performance computing in solving big size of data and numerical meteorology calculations in very
fast time for decision-making with high accuracy. Through this lens, we aim to underscore the
pivotal role of HPC in fostering advancements in meteorological research and operational
forecasting, thereby contributing significantly to our understanding and prediction of weather
phenomena.
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2. The Importance of Meteorology

Meteorology is the scientific study of the Earth's atmosphere and weather patterns, which play
an important role in human life and society. From weather forecasting to climate science, from air
quality monitoring to disaster preparedness, meteorology provides valuable information,
knowledge, and insights that shape our understanding and enable us to navigate our atmospheric
world. These forecasts are invaluable for individuals, businesses, and governments. They guide
decision-making regarding agricultural practices, transportation routes, construction projects,
emergency preparedness, and resource management.

Meteorology also contributes significantly to the study of climate patterns and changes.
Through the analysis of long-term weather data, meteorologists identify climate trends, assess
climate variability, and predict future climate scenarios. This information is crucial for addressing
climate change and air pollution, developing sustainable strategies, and implementing policies
related to environmental conservation and energy production. Accurate meteorological
information enables policymakers to implement effective measures to improve air quality, ensuring
a healthier and cleaner environment for present and future generations. The windy application for
real time and forecast of nitrogen dioxide (see Figure 1) and wind movement (see Figure 2) are
shown below.

Fig. 1. A real time and forecast of nitrogen dioxide as derived from windy application

In performing future energy, meteorology plays a role in the development and management of
renewable energy sources, such as wind, solar, and hydroelectric power. Understanding wind
patterns, solar radiation, and weather conditions helps optimize the placement, design, and
operation of renewable energy systems. By utilizing meteorological data, renewable energy
production can be forecasted, integrated into power grids, and effectively utilized. Meteorology
thus paves the way for the expansion of sustainable energy sources, contributing to a greener and
more resilient future.

Meteorology directly impacts agriculture, influencing crop growth, pest control, irrigation, and
harvest timing. Accurate weather forecasts aid in assessing water availability, preventing crop
diseases, and mitigating the impacts of extreme weather events on food production and food
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security. By integrating meteorological data into agricultural practices, we can enhance productivity,
optimize resource usage, and ensure global food security.

Fig. 2. A real time and forecast of wind movement as derived from windy application

Meteorology is vital for predicting and monitoring natural disasters such as hurricanes (see
Figure 3), tornadoes, floods, and wildfires. Through advanced modelling techniques and extensive
data analysis, meteorologists can provide early warnings, allowing authorities to take proactive
measures. These measures include issuing timely alerts, implementing evacuation plans, and
strengthening disaster preparedness.

Fig. 3. Satellite imagery hurricane in Bengal Bay and hurricane forecasting with meteorology tools as derived
from [1]

Due to the importance of meteorology to life and the environment that have been described
and shown in Figure 1, Figure 2, and Figure 3. This complex system needs high-performance
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computing hardware to ensure success. Meteorologists need to always present this input quickly
and accurately.

3. Early Meteorology Computers

One of early computer used for meteorology was the electronic numerical integrator and
computer (ENIAC), which was developed during World War II and completed in 1945. Following
ENIAC, several other early computer systems were used for meteorological research and
operational forecasting. One example is the electronic discrete variable automatic computer
(EDVAC), which was a successor to ENIAC and introduced improved programming capabilities.
EDVAC was employed for atmospheric research and numerical weather prediction during the 1950s
and early 1960s. Another significant early computer used for meteorology was the IBM 7090, a
transistorized mainframe computer introduced in 1959. The IBM 7090 and its successor, the IBM
7094, were widely utilized in meteorological institutions and research centres to perform weather
simulations and analyse observational data. These early computers laid the foundation for the
integration of computational methods in meteorology.

4. Advantages HPC In Meteorology

The field of meteorology has greatly benefited from the use of HPC, which refers to the
utilization of powerful supercomputer system that compute to tackle complex computational
problems. HPC systems have transformed meteorological research and operational forecasting by
providing the computational resources necessary to simulate and analysed atmospheric processes
with unprecedented detail, time saving and accuracy. To produce accuracy, meteorology relies on
the set of collection and analysis of vast amounts of observational data, including temperature,
humidity, wind speed, and atmospheric pressure. Data is collected from various sources such as
weather radar, satellite, weather balloon, remote-sensing data, weather buoy, ship and aircraft
observations [2].

HPC systems offer several advantages in meteorological research such as the weather research
and forecasting (WRF) model or the global forecast system (GFS), at higher resolutions and with
finer grid spacing [3]. This enhanced resolution allows for more accurate representation of small-
scale atmospheric features, including convective storms, localized weather phenomena, and
complex terrain effects. HPC-based simulations enable researchers to better understand the
dynamics and intensification mechanisms of these events, improving forecasting capabilities and
providing valuable information for disaster preparedness and response. Climate models require
substantial computational resources to simulate interactions between the atmosphere, oceans,
land surfaces, and ice sheets over extended periods. HPC enables researchers to run complex earth
system models and investigate the impacts of climate change on regional and global scales.
Operational weather forecasting centres worldwide rely on HPC systems to generate accurate and
timely forecasts [2]. Faster and more powerful computers allow meteorological agencies to process
and assimilate large volumes of observational data, run numerous ensemble simulations, and
provide more detailed and reliable forecasts to the public and decision-makers.

5. Meteorology Simulation Models
5.1 Mathematical Model
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The large size of data collected needs complex mathematical models and simulations. Some of
the known mathematical equations used in meteorology are the Navier-Stokes equations and
thermodynamic energy equation.

5.1.1 The Navier-Stokes Equations

The Navier-Stokes equations by Itu et al., [3] describe the conservation of momentum and the
motion of fluid in three dimensions. In the context of atmospheric dynamics, the equations are
simplified versions of the more general equations and account for forces such as pressure gradients,
Coriolis forces due to the Earth's rotation, and viscous effects. The simplified form of the Navier-
Stokes equations, often used in meteorology, can be written as follows.

Continuity Equation: ��/�� + �·(��) = 0 (1)

This equation represents the conservation of mass. It states that the rate of change of density (ρ)
with respect to time (t) plus the divergence (∇·) of the density times the velocity vector (u) is equal
to zero. This equation ensures that mass is conserved within the fluid.

Momentum equations: �(��)/�� + �·(��⃗⃗⃗�) = − �� + �� + 2� × �� + �·� (2)

Where ρu represents the momentum density, p is the pressure, g is the acceleration due to
gravity, Ω is the Earth's angular velocity vector, and τ represents the viscous stress tensor. The left-
hand side of the equation represents the rate of change of momentum, while the right-hand side
consists of various forces acting on the fluid. ∇p represents the pressure gradient force, which
accelerates the fluid from regions of higher pressure to regions of lower pressure. The term ρg
accounts for the gravitational force, which acts vertically downward. 2Ω × ρu represents the Coriolis
force due to the Earth's rotation, where Ω × ρu is the cross product of the angular velocity vector
and the momentum density vector. This force influences the direction of fluid motion in rotating
reference frames. ∇·τ represents the viscous effects, capturing the influence of internal friction
within the fluid.

These equations, along with the thermodynamic energy equation and additional
parameterizations for other processes, form the basis for numerical weather prediction models. By
discretizing and solving these equations over a grid system, meteorologists can simulate and
forecast the behaviours of the atmosphere, providing valuable insights into weather patterns and
atmospheric dynamics.

5.1.2 Thermodynamic Energy Equation

The thermodynamic energy equation describes the conservation of energy in the atmosphere,
accounting for various energy exchanges and transformations [4]. In the context of meteorology,
the simplified form of the thermodynamic energy equation can be expressed as follows.

Thermodynamic energy equation: �(��)/�� + �·(���) = � – � (3)

In this equation, ρθ represents the potential temperature, u is the velocity vector, Q represents
heating or cooling sources, and W represents work done by external forces. The left-hand side
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represents the rate of change of potential temperature with respect to time and the divergence of
the density times the potential temperature times the velocity vector. The term ∂(ρθ)/∂t
represents the rate of change of potential temperature with time, accounting for temporal
variations in the atmosphere's energy state. The term ∇·(ρθu) represents the convergence or
divergence of energy flux due to the advection of potential temperature by the velocity vector. It
describes the spatial redistribution of energy within the fluid. The term Q represents the heating or
cooling sources, which can include radiative heating and cooling, latent heat release from phase
changes, and sensible heat exchange with the surface. Q can vary depending on the location and
atmospheric conditions. The term W represents work done by external forces, such as mechanical
work due to atmospheric turbulence or pressure-driven processes. It accounts for energy
exchanges associated with work done on or by the atmosphere.

The thermodynamic energy equation, combined with the Navier-Stokes equations by Itu et al.,
[3] and other equations, forms the foundation for numerical weather prediction models. By solving
these equations numerically, meteorologists can simulate and forecast the behaviours of the
atmosphere, including temperature changes, atmospheric stability, and the formation of weather
systems. The energy equation helps to understand the energy balance within the atmosphere and
its influence on weather patterns and atmospheric processes.

5.2 Numerical Weather Prediction (NWP)

Numerical weather prediction (NWP) models use computational methods to simulate and
predict atmospheric conditions [1, 5]. These models can be classified into different types based on
their spatial resolution, forecast range, and intended applications.

5.3 Global Models

Global models cover the entire earth and provide forecasts on a global scale. They typically have
a coarse spatial resolution, often ranging from tens to hundreds of kilometres. Global models are
used to generate weather forecasts for large-scale weather patterns, such as the movement of
weather systems across continents and the global circulation patterns [6].

5.4 Regional Models

Regional models by Muhamad Yusof [6] cover larger geographic areas and provide relatively
lower spatial and temporal resolution. They typically have a grid spacing of tens to hundreds of
kilometres and are used for forecasting weather conditions over a specific region, such as a country
or a continent and design to covered a forecast period of several days to a week. They provide a
broader overview of weather conditions in a specific region. These models are initialized using
large-scale atmospheric data that cover the entire region of interest and did not design to focusing
on capturing fine-scale initial conditions. Regional models provide deterministic forecasts, meaning
they produce a single forecast for a specific location and time.

5.5 Mesoscale Models

Mesoscale models from the previous study conducted by Muhamad Yusof [6] also known as
limited-area focus on smaller geographic areas and provide higher spatial and temporal resolution
compared to global model. They are designed to capture detailed atmospheric processes at scales
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ranging from a few kilometres to a few hundred kilometres. These models are primarily used for
short-term weather forecasting (typically up to a few days in advance) and are well-suited for
predicting specific weather events that occur at smaller scales. They are essential for providing
high-resolution guidance for weather hazards and local conditions. Detailed observations and
analysis of current atmospheric conditions for initialization is the main data component that will be
calculated and processed. These data required to be accurate and timely data feed to provide
reliable short-term forecasts. Mesoscale models are design to provide deterministic forecasts,
meaning they produce a single forecast for a specific location and time. Users receive a single "best
guess" prediction.

5.6 Ensemble Models

Ensemble models by Muhamad Yusof [6], on the other hand, are not limited to a specific scale
and can cover a wide range of spatial and temporal resolutions. These model involve running
multiple simulations with slightly different initial conditions or model configurations to account for
uncertainty in weather predictions. Ensemble forecasts typically have coarser spatial resolutions
compared to mesoscale models. The main objective of these models is to assess and quantify
uncertainty in weather forecasts. They are valuable for making probabilistic forecasts, identifying
potential weather hazards, and understanding the range of possible outcomes. Ensemble forecasts
are often used for medium to long-range forecasting (up to several weeks ahead). Ensemble
models initialize multiple simulations with perturbed initial conditions to create an ensemble of
forecasts. This approach accounts for the inherent uncertainty in initial observations and helps
estimate the range of possible future weather scenarios. Unlike the other models, Ensemble model
generates a range of possible outcomes with associated probabilities, allowing forecasters to assess
the likelihood of various weather scenarios.

6. Enhancing Forecasting Accuracy Through HPC

Enhancing forecasting accuracy is a primary goal in meteorology, and high-performance
computing (HPC) systems play a crucial role in achieving this objective. Here are several ways in
which HPC enhances weather forecasting accuracy

i. Higher resolution models: It provides more accurate representations of the complex
atmospheric processes, leading to improved forecasts [1, 6].

ii. Improved physics parameterizations: It represents sub grid-scale processes, such as
convection, turbulence, radiation, and cloud microphysics. These advanced physics
schemes account for a broader range of atmospheric processes and interactions,
resulting in more accurate forecasts [1, 6].

iii. Ensemble forecasting: It provides a range of possible outcomes and associated
probabilities, offering insights into the uncertainty of the forecast. By leveraging the
computational power of HPC systems, meteorologists can generate larger ensemble
sizes, leading to more robust and skillful predictions [1, 6].

iv. Data assimilation: It is the process of combining observational data with model
simulations to generate the most accurate initial conditions for NWP models. The faster
computational speed of HPC allows for near-real-time assimilation, incorporating the
latest observations and improving the accuracy of initial conditions for forecasts [1, 6].
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v. Rapid model updates: It updates are particularly important for high-impact weather
events, where small changes in atmospheric conditions can significantly affect the
forecast outcome [6].

vi. Advanced data processing and post-processing: These techniques include statistical
analysis, machine learning algorithms, and ensemble post-processing methods. By
leveraging the computational power of HPC, meteorologists can apply sophisticated data
analysis techniques to improve the accuracy and reliability of forecasts [1, 6, 7, 19].

vii. Probabilistic and high-resolution forecasting: It captures fine-scale weather features and
variations, enabling more precise predictions for localized areas. HPC systems enable the
efficient generation of probabilistic and high-resolution forecasts, enhancing forecasting
accuracy across various spatial and temporal scales [6].

7. Parallelism in Meteorology Data Processing

HPC parallelism plays a crucial role in meteorology data processing, enabling efficient and rapid
analysis of large and complex datasets [8]. Some of the key areas where HPC parallelism is used in
meteorology data processing.

7.1 Data Pre-processing and Quality Control

Meteorological datasets often require pre-processing and quality control steps to ensure data
accuracy and consistency. In meteorology environment, HPC parallelism can be employed to
distribute these tasks across multiple processing units, enabling simultaneous execution of data
filtering, outlier detection, interpolation, and data fusion techniques to prepare data for further
analysis [9].

7.2 Data Assimilation

Data assimilation is the process of integrating observed meteorological data with model
predictions to obtain the best estimate of the current atmospheric state [10]. Parallel processing
enables simultaneous analysis of large observational datasets and model simulations, facilitating
the efficient estimation of atmospheric states and improving forecast accuracy.

7.3 Numerical Weather Prediction (NWP) Models

NWP models simulate and forecast atmospheric conditions using numerical techniques. These
models involve solving complex mathematical equations, such as the Navier-Stokes equations and
thermodynamic energy equations, over a large computational domain [1, 6]. Parallel computing
enables higher spatial resolutions, longer forecast ranges, and more accurate predictions.

7.4 Ensemble Forecasting

Ensemble forecasting involves generating multiple forecasts by running NWP models with
slightly perturbed initial conditions or model parameters. This technique provides a range of
possible outcomes and helps quantify forecast uncertainty. Ensemble forecasting using parallel
computing allows meteorologists to assess the likelihood and confidence of different weather
scenarios and improve probabilistic forecasts [6].
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7.5 Big Data Analysis

Meteorological datasets, including satellite imagery, radar data, and climate observations, can
be massive in size. HPC parallelism is instrumental in handling big data in meteorology. Parallel
processing techniques, such as map-reduce frameworks and distributed computing, facilitate
efficient storage, retrieval, and analysis of large meteorological datasets [11]. Parallel algorithms
can be applied to perform tasks like image processing, feature extraction, pattern recognition, and
statistical analysis on massive meteorological datasets.

By leveraging the computational power of parallel computing, meteorologists can process and
analyze vast amounts of data in a timely manner, leading to improved weather predictions, better
understanding of atmospheric processes, and enhanced decision-making in various weather-
dependent applications.

8. Data Forecasting and Methods

These methods combine observations, historical data, statistical techniques, and numerical
weather prediction models to provide accurate and reliable forecasts to predict future weather
conditions [12, 13]. There are several types of forecasting methods in meteorology.

8.1 Persistence Forecasting

Persistence forecasting assumes that weather conditions will remain relatively unchanged over
a short period. It relies on the notion that current weather patterns will persist into the near future.
This method is useful for short-term forecasts in stable weather conditions [14].

8.2 Climatology Forecasting

Climatology forecasting uses historical weather data to determine the average weather patterns
for a given location and time of year [15]. It assumes that the future weather will resemble the
long-term average. Climatology forecasts are particularly valuable for seasonal and long-term
outlooks.

8.3 Analog Forecasting

Analog forecasting identifies similar past weather patterns and uses them as a reference to
predict future weather. It involves comparing the current atmospheric conditions with historical
data to find analogue situations and their subsequent weather outcomes [16]. Analog forecasting is
especially useful for unique or extreme weather events.

8.4 Statistical Forecasting

Statistical forecasting methods utilize historical data and statistical techniques to analyse
patterns and relationships between weather variables. Regression analysis, time series analysis, and
pattern recognition algorithms are employed to develop statistical models for forecasting. These
models can capture trends, seasonal variations, and correlations among different weather
parameters [17, 18].
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8.5 Ensemble Forecasting

Ensemble forecasting involves running multiple simulations with slight variations in initial
conditions or model parameters to account for uncertainty in weather predictions. By creating an
ensemble of forecasts, statistical analysis is applied to generate probabilistic forecasts and assess
the likelihood of different weather outcomes [10].

8.6 Machine Learning Techniques

Machine learning algorithms, such as artificial neural networks, decision trees, and support
vector machines, are increasingly being used in meteorology to analyse large datasets and make
predictions [19, 20]. Machine learning models can identify complex patterns and relationships in
weather data, improving forecasting accuracy.

8.7 Numerical Weather Prediction (NWP)

NWP is a data-driven approach that involves simulating the behaviour of the atmosphere using
mathematical equations and observational data [6, 17]. NWP models divide the atmosphere into a
grid and apply numerical integration techniques to solve the equations and predict future weather
conditions. These models assimilate real-time observations to initialize the simulations and provide
detailed forecasts for specific locations and timeframes.

9. Conclusions

In conclusion, HPC parallelism plays a vital role in advancing meteorological forecasting.
Meteorology involves analyzing large amounts of data, performing complex simulations and
calculations, and executing computationally intensive models to understand and predict weather
patterns. HPC parallelism allows meteorologists to harness the power of multiple processors,
enabling them to process large datasets and perform simulations more quickly and accurately. HPC
parallelism facilitates ensemble forecasting, where multiple simulations with slightly different initial
conditions or model parameters are executed simultaneously. Ensemble forecasting provides
probabilistic predictions, capturing uncertainties in weather forecasts and enhancing forecast
reliability. In general, utilization of HPC parallelism in meteorology requires careful consideration of
load balancing, efficient data distribution, minimizing communication overhead, and optimizing
algorithms. It is important to thoroughly understand its components for effective and high-
performance computing.
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