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Summary– This project studies the performance of the Multiscale Online Nonhydrostatic Atmo-
spheRe CHemistry model (MONARCH). This model is one of the multiple Earth System Models
(ESM) developed at Barcelona Supercomputing Center (BSC), and used daily by a large number of
users. It has a large computational cost due to the multiscale nature of the physical processes, so
it is of vital importance to maximize its performance. To achieve this, different BSC tools are used
throughout the project: autosubmit, extrae and paraver. MONARCH runs in a parallel environment
like the EuroHPC supercomputer Marenostrum5 (MN5), and utilizes the Message Passing Interface
(MPI) to perform the communications between the processes. Performance issues related to MPI
communications or the model itself are detected and improved in multiple parts of the code.
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1 INTRODUCTION

CUTTING edge expensive numerical simulations are
required across various sectors to solve complex
problems in our society, such as predicting air

quality and climate change. High Performance Comput-
ing (HPC) utilizes supercomputers to run these massively
parallelized codes [1], but even with the most modern ma-
chines, we are unable to fully resolve complex meteorolog-
ical systems. Therefore, to make the most of these huge and
expensive machines, it is essential to optimize the applica-
tions’ performance.
The application optimized during this project is the
MONARCH [3] model, which is a chemical weather pre-
diction system. Within the world of meteorology these
models are of vital importance, MONARCH simulates air
quality and the concentration of pollutants, which can help
by taking measures to protect human health and the envi-
ronment.
This model is used among different projects at the European
level, one of which is at the Earth Sciences Department of
the BSC. This department focuses on the research, devel-
opment and implementation of environmental models and

• Contact E-mail: joan.bernat@autonoma.cat, joan.bernat@bsc.es
• Project supervised by: Hannah Elizabeth Ross and Mario Acosta

(Barcelona Supercomputing Center)
• Project tutored by: Eduardo Cesar Galobardes (Architecture and

Computer Technology Area)
• Course 2024/25

forecasts using models based on numerical processes.
In this work we improve the performance of the various
MONARCH components, utilizing one of the most pow-
erful supercomputers in Europe, MareNostrum5 (MN5),
which is located at BSC and designed to run massively par-
allel codes, and store and manage large quantities of data.
The project begins with an overview of the state of the art
and a clear definition of the project’s objectives. This is fol-
lowed by a detailed explanation of the methodology used
throughout the work. Next, a comprehensive section is ded-
icated to model performance analysis, starting with a gen-
eral overview and then delving into specific topics identi-
fied during the general evaluation. The main improvements
made to the model, which significantly improve the scala-
bility of various model versions, are then summarized. Fi-
nally, the project concludes with a discussion of future work
and a summary of the key conclusions.

2 STATE OF THE ART

ESMs attempt to represent the interactions between dif-
ferent components of the Earth system: the atmosphere,
the ocean, the biosphere, sea ice, the land surface, and the
ice sheets. A large part of the computational cost of these
models comes from the atmosphere component, which
solves the physical, chemical, and radiative processes with
computational fluid dynamics (CDF) being utilized to
model turbulence [4]. Numerical modeling is needed to
fully describe the atmosphere, which has a high computa-
tional cost, as there are no analytical solutions.
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Due to the large computational complexity of atmosphere
models, they must run on supercomputers that have dis-
tributed memory. Therefore, they are usually parallelized
using a domain decomposition strategy, using Message
Passing Interface (MPI) for performing the communi-
cations among processes, since the systems on which
MONARCH runs have distributed memory. Each of the
processes solves a part of the domain, dividing it into a
network of processes that exchange information between
one another during execution.
Recently, for many numerical codes, porting to GPUs has
been a common way to achieve a performance increase,
there is a GPU implementation of MONARCH in develop-
ment (Chemistry across multiple phases CAMP). However,
there are still many supercomputers with CPU architecture,
so there are many users who will keep using the CPU
implementation. That is why it remains important to run
efficiently on them too, in addition to taking advantage of
newer GPU resources.
Among the different components of atmospheric models,
chemistry usually stands out in computational complexity,
taking up to a 90% of the total computation time in some
models [5]. This part of the model within MONARCH is
the one that has been implemented at BSC, and will be the
focus of this work.
MONARCH is a chemical climate prediction system that
can run either globally or regionally. This model is based
on the online coupling of the Non-hydrostatic Multiscale
Model on the B-grid (NMMB) meteorological model with
a complete aerosol chemistry module.
MONARCH contributes to several prediction activities,
providing daily predictions produced at BSC to the
Barcelona Dust Regional Center[7], air quality predictions
to the multi-model system of the EU Copernicus program
from the Copernicus European Air quality service [8], and
Global daily prediction of aerosols for the International
Cooperative for Aerosol Prediction [9].
MONARCH contains several modules, which have already
been parallelized, such as the chemical module. In this
work, the optimization will focus on the various modules
developed at BSC.

3 OBJECTIVES

The main objective of this project is to optimize and
improve the performance of the different modules of
MONARCH, allowing the users to run more simulations in
a shorter time and also waste fewer resources. To achieve
this, some other objectives have to be fulfilled:

• Adapt to the BSC work environment and learn how to
use the highly specialized tools provided.

• Gain foundational knowledge about ESM and HPC
environments.

• Understand the different MPI communications be-
tween the processes, discover where the bottlenecks
are and try to reduce their impact.

• Share knowledge gained with colleagues working on
MONARCH to help them to run more efficiently.

4 WORK METHODOLOGY

MONARCH is mainly developed in Fortran, a language
compatible with MPI and other parallelization tools, and
also commonly used for meteorological codebases. The
model contains many modules, all of them parallelized.
Even though there are different parallel programming mod-
els, in this work the focus is on the optimization on CPUs
using MPI. MONARCH also can utilize OpenMP, but
since it has to run with shared memory, MPI is more likely
to improve the performance of the model on distributed
memory.[6]
The tests done for this work will be executed on MN5, us-
ing a workflow management system developed entirely by
BSC, autosubmit [10], which facilitates all the work of sub-
mitting jobs to the supercomputer, as well as the manage-
ment of the various experiments to be performed.
To perform the profiling and analysis of the model, the Ex-
trae and Paraver [11] are the main tools used. These tools
are designed for the analysis of parallel execution processes,
and provide a complete report of the model executions, es-
pecially of the MPI communications between the various
nodes. Extrae is used to generate traces of all the events that
occur in a Fortran or C executable file. Paraver is the inter-
face used to visualize and analyze the traces generated by
Extrae. Among the extrae and paraver functionalities that
can be used to analyze program performance, three will be
mainly used:

• MPI Calls: Collects the MPI Calls that are carried out
by the processes during the execution of the program,
as well as how much time is spent inside them.

• MPI Callers: Collects from which subroutine or func-
tion these MPI Calls are executed for every process.

• User Functions: Allows the user to specify which
subroutines to follow during execution and generates
a trace that tells at what point the various processes go
through the specified subroutines.

The processes that are running MONARCH are divided
into forecast and quilting tasks. This is a commonly used
strategy in these types of models where some tasks are com-
pletely dedicated to perform all the I/O operations of the
model while the rest perform the computation.
For studying the performance of MONARCH, first, a gen-
eral analysis to locate parts of the model that can be opti-
mized further is done, followed by an in-depth investigation
of these possible performance issues. The traces generated
show the behavior of the processes (vertical axis) during
the simulation (horizontal axis). These traces are zoomed
in to see the more interesting parts, also histograms show-
ing the general behavior of the processes are shown during
the project.

5 MONARCH PERFORMANCE ANALYSIS

As mentioned above, MONARCH contains several com-
ponents, such as the chemistry and radiation modules. In
this case, the focus of the work is the chemistry mod-
ule, which can significantly impact the performance of
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MONARCH. Initially, the model does the spin-up, which is
similar to dust-only simulations as it does not include chem-
istry, therefore having a lower computational cost. Once the
spin-up is done, the model starts computing the chemistry.
Model’s performance can vary depending on the domain
conditions and the resources used, in this case, the model
runs in a regional domain and with an intermediate number
of processors. The configurations selected are those regu-
larly used by domain scientists to test the model.

5.1 General analysis
Figure 1 shows an example of a complete trace for the
chemistry configuration. To find out what color the MPI
calls are, the legend can be seen on the right side of the
image.

Fig. 1: Complete trace of CHEM regional model configura-
tion.

It is important to note that this is a 24-hour simulation,
which can be identified due to the horizontal red stripes.
It can also be seen that the last threads behave differently
from the rest, this is because they correspond to the threads
(blue and white color based on the plot) that carry out all
the writing of the model output files, while the rest carry
out the computational work.

The first thing that draws attention just by observing this
trace is that the first 40% of the model execution works dif-
ferently from the rest. This part corresponds to the first
12 hours simulated, which are the chemistry spin-up hours.
Marked mainly by the uniform red bands on the computing
threads that indicate that these processes called MPI Wait,
that is, they are waiting for some communication with other
threads to finish. All this time, the threads are completely
stopped, which has a big impact on the performance of the
model.

Fig. 2: CHEM regional model trace between the 10-20% of
the execution time, which includes hours 2-6.

Figure 2 shows a cut of the previously mentioned part.
We see how all the computing processes are waiting while

the only ones working are the threads that write the model
output. In addition, if we count the red bands in Figure
1 at the beginning, there are exactly 12, which coincides
with the number of hours that are run without chemistry. It
should also be noted that the write tasks write the output
every simulated hour, saving various aspects of the simu-
lation. Taking all this into account, the writing processes
can slow down some parts of the simulations, this will be
further studied in section 5.2. Inside the same trace, if we
zoom in, we can see an individual timestep in more detail,
the figure 3 shows a single chemistry timestep.

Fig. 3: Complete timestep of the chemical part of CHEM
Regional model.

All the time steps of the model have a very similar be-
havior, here we can see factors that may be affecting the
overall performance of the model. At the beginning two
MPI AllReduce (pink) occur, in which the last processes
seem to be arriving much earlier than the others, as can be
better seen in the figure 4.

Fig. 4: Trace from figure 3 zoomed in.

This behavior, which is observed at all model time steps,
is peculiar because the change in the work performed does
not occur gradually, but rather only a block of the last pro-
cesses seem to have less work.
The behavior of the processes at the end of the timestep
also seems important, it can be seen at the end of the fig-
ure 3 that after performing all the necessary computations
within the timestep, they arrive very irregularly at the end of
it, which causes some processes to be waiting for the slower
processes for up to 0.2 seconds. The two factors mentioned
may be slowing down the performance of the model, this
will be studied in the section 5.3.
Extrae also provides a view called MPI Profile, which not
only shows the when the MPI Calls were made, but also all
the time spent inside them. In figure 5 you can see the MPI
Profile corresponding to the same trace in figure 1.

This trace provides new information, firstly, during
all time steps the computational processes are sending
information in a non-blocking manner with MPI Isend,
we can also see how at the end of each hour in the part of
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Fig. 5: MPI Profile from figure 1

the model with chemistry (the last 12 hours) the compu-
tational processes call MPI Barrier, possibly also losing
computational time due to waiting for other processes.
This is not seen in the trace of figure 1, which is why it is
important to use different metrics, since it can provide us
with information that we do not see with the MPI Calls,
this will be done in the section 5.4.

5.2 Writing processes
To confirm if the processes dedicated to the writing are
slowing down the simulations, several strategies can be fol-
lowed, in this case the performance of the model is mea-
sured, both the total time and the time dedicated to writing,
by increasing only the number of writing threads, so we can
see the impact it has on the performance, the metric used
for measuring the impact is the speedup, given by:

Speedup =
Old execution time
New execution time

In figure 6 we can see how the speedup of the model evolves
taking into account the total execution time. In this graph
there are two lines, the blue one corresponds to the speedup
of the model simulating 24 hours (12 without chemistry and
12 with chemistry) and the orange one corresponds to the
model simulating the first 12 hours (only the part without
chemistry). In small text below each point you can see the
computation time of each of the models in seconds.

Fig. 6: Total time speedup for the model with and without
chemistry increasing the number of writing tasks.

The graphs in figures 6 show that there is a non-negligible
speedup in both configurations, but it is not very significant,
not reaching much more than 1.1 by increasing the tasks
from 2 to 16. This leads us to think that the problem is likely

somewhere else, we will analyze how the writing processes
work and how they carry out their work.

Fig. 7: Trace between hours 2-6 of simulation where writing
threads are active (blue) and a few computing threads (red).

In figure 7 you can see the clear difference between the
computation (red) and writing tasks (blue), while the com-
putation tasks carry out all kinds of MPI communications,
the writing tasks are all the time sending and receiving in-
formation in a blocking manner. If we look at all the writing
tasks, we can see a slightly different behavior for the first
task, to further see how they behave, we will analyze the
time they use for each of the communications.

In table 1 we can see the percentage of time spent in
each of the MPI calls for the same processes shown in
figure 7. We can see that, as was already seen in the calls,
the computing processes spend most of the time inside
MPI Wait, an average of 64%, which means a large drop
in performance. For the writing processes, on the other
hand, a behavior is seen that was not seen in the calls
themselves, we can see how most of these spend 97% of
the time waiting to receive information inside MPI Recv,
while the first behaves completely differently, being most
of the time outside MPI and only 4% of the time receiving
information from the simulation.

This behavior leads us to think that the first process acts
as the master of the writing processes, writing itself the out-
put file, while the other remain waiting for a lot of time in-
side MPI Recv waiting for some information from the com-
puting tasks.

Table 1: Percentage of
time within each MPI Call
by the writing threads and
some computing threads
between hours 2–6 of sim-
ulation.

Table 2: Number
of MPI Send and
MPI Recv calls from
the writing processes
in the 10-20 segment.

In table 2 we can see the number of times each of the
writing threads calls MPI Send and MPI Recv, the first
thread is calling them much more than the rest, in fact, the
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number of calls of the first thread is the sum of all the rest.
All this indicates that the first one effectively acts as master,
performing all the writing to output files of the information
sent by all the writing tasks. Since these threads are sending
a lot of information, it is difficult for a single process to deal
with all the communications and writing.

The model already has the option to change the num-
ber of I/O servers implemented, splitting the writing tasks
in various MPI communicators, each with their respective
master threads doing the MPI communications and writing.
We tried increasing the number of nodes to see the traces
and how the speedup of the model evolves.

Fig. 8: Regional CHEM model trace between 15-20% ex-
ecution time with 2 I/O servers, spanning simulated hours
2-5.

The trace of figure 8 corresponds to a simulation run with
2 I/O servers rather than 1, it is shown that the MPI Wait
at the end of each hour is significantly reduced, therefore,
the computing threads are waiting significantly less time.
With this straightforward change, it seems that the perfor-
mance of the program has increased considerably with 2 I/O
servers, and to further confirm this we can see the speedup
in figure 9.

Fig. 9: SpeedUp of the total execution time of the model
with and without chemistry by increasing the number of I/O
servers.

The graph in figure 9 already shows a high speedup, of
almost 1.6x, for the part without chemistry, with configura-
tions of 2 and 4 I/O servers, but it should also be noted that
if we increase the number of I/O servers a lot then there will
not be as many processes doing the communications to the
master writing process, which can lower the performance,
this is seen with 8 I/O servers. For this reason, a balance
must be sought between processes performing the simula-
tion, the processes receiving information from the compu-
tation tasks and the processes writing the output files.

On the other hand, it also shows that this bottleneck does
not occur in the part with chemistry, since the speedup is
not as high when both parts are taken into account, this is
because when chemistry occurs the time steps carried out
by the computing threads are longer, so the writing tasks
have more time for finishing their work, therefore with a
single I/O server is enough to perform all the writing.
This method, however, has a disadvantage due to the strat-
egy that the model follows for writing when the writing
threads are separated into several I/O servers. What the
model does is making the different I/O servers turn the write
for the simulated hours of the model, so each master thread
from the different I/O servers creates a different output file
of netcdf [12], where they write the results of each hour in
turns. That is, if there are two I/O servers, two output files
are generated, where the first will contain the results of the
hours written by the first master thread, which will be 0, 2,
4, 6. . . , and the second file will contain the results of the
hours written by the second, in this case 1, 3, 5, 7. . .
This can lead to extra post-processing work since the output
expected by the model is just one netcdf file, so the differ-
ent files generated should be merged after the simulation,
which takes some more time. This means that in models
with chemistry, where only the first 12 hours are optimized
for the change, it may not be cost-effective to use more I/O
servers.
It might be said that with this strategy the performance of
the writing of the model is not improved, what happens is
that every I/O server has more time for performing the write
of a simulated hour, since it has to write fewer simulated
hours. This allows the computing tasks to keep on with the
simulation while some of the I/O servers are writing, since
they don’t have to wait for the writing to finish at every
simulated hour. Some ideas of how to manage writing in a
future implementation are detailed in section 7.
There are cases where this change will have a greater im-
pact, since they do not use chemistry, and timesteps are
shorter, such as the global and regional DUST simulations,
which some users from MONARCH also require. We will
perform the same experiment in these cases to observe the
impact and assess the results.

Fig. 10: SpeedUp of the total execution time of the DUST
model in regional and global domains by increasing the
number of writing tasks.

Figure 10 shows the speedup in the DUST model with a
global and a regional domain in two different simulations,
one of 108 hours and another of 48 hours. Here we see
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that for the global domain the improvement is impressive
for both cases, arriving to 2.00x speedup with 4 I/O servers
for the simulation of 108 hours and to nearly 1.8x speedup
for the 48 hours simulation.
However, for the regional domain the improvement isn’t as
significant, this may be due to the fact that the model time
steps take more computing time in this case, so the comput-
ing tasks do not longer wait for the writing to finish. This
may be due to several factors, such as the domain resolu-
tion being much higher, for this reason the scalability of the
model with regional domain will be measured with differ-
ent numbers of I/O servers. This will show if changing the
number of I/O servers affects this simulation.

Fig. 11: Scalability of the Regional DUST model by vary-
ing the number of processes in relation to the I/O servers.

Figure 11 clearly shows how increasing the number of
I/O servers helps improving the scalability of the model for
this configuration. With this information, we can conclude
that, although the post-processing may take some extra
time, it is worth increasing the number of I/O servers for
configurations in which the time steps are not very long,
for example, in the case of DUST simulations.

5.3 CHEM time steps irregularity
In Section 5.1 reference is made to a periodic behavior in
the time steps of the simulation that may be slowing down
the simulation, (see figures 3 and 4). We first repeated the
experiment to see if the behavior of the processes changed,
displaying a similar but not identical behavior, with the
same distribution of timings for the threads. This indicates
that the problem is not related to the hardware, as it is
extremely unlikely the same threads would be assigned the
same nodes again. Therefore, we will study the model to
see where this inequality may come from.

To locate where these calls are coming we will use
the extrae callers, described at section 4.

Figure 12 shows the callers of figures 3 and 4, which
indicate the functions from where the calls of MPI are hap-
pening, which is why the shapes of the trace are so similar
disregarding the colors. The first MPI Wait in figure 12 is
located in the exch3 subroutine in the exchange module.
This module contains all the subroutines needed to perform
the exchanges in any dimension of the boundaries between
parts of the grid stored in different MPI processes. Each

Fig. 12: Figure 3 and 4 callers.

of the processes simulates a region of the grid, and needs
information from the boundaries of the neighboring regions
in order to perform the calculations, which must be updated
with the information from the processes that compute these
cells every timestep.
After investigating this module, we concluded that it is al-
ready quite optimized, and therefore the way of perform-
ing the communications is not the problem. However, since
there is an MPI Wait, this is where the processes are syn-
chronized from the previous work, and therefore where they
will have to wait for those that take longer to perform the
calculation.
From this we can conclude that the real problem is the dif-
ference in computation prior to the exchange, since if the
computation time was balanced, the processes would not
have to wait so long for the slowest ones. To see how the
simulation is affected by the inequality between the pro-
cesses, we can use a histogram of the time of each of the
processes within the various calls of MPI.

Table 3: Percentage of time within each of the MPI calls for
the twelve hours with chemistry in the model.

From the histogram in the table 3 we can extract very
important metrics, for example, by looking at the average
time of the processes outside of MPI we can determine
the parallel efficiency of the program, since all the time
that is inside MPI calls is time lost in communications,
in which no computation is performed. In our case, it is
55%, which indicates that there is quite a bit of room for
improvement, since, in an ideal case in which there were
no communications, the speedup would be approximately
1.81x.

From here, we can also extract the load imbalance
of the program, shown by the Avg/Max metric outside
of MPI, which is basically the division of the average
between the maximum of all processes. In an ideal case
it would be 1.00, since we want that all the processes to
spend the maximum time outside MPI, while ours is 0.85,
which indicates that there is some imbalance between the
processes, as previously stated.

Having analyzed how this inequality affects the simu-
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lation, we will move on to see which functions are called
in this section. This will help us pinpoint the issue and
determine if it is worth working on improving process load
balancing. This is where we will use the user functions
mentioned in 4 section.

Fig. 13: User functions for two chemistry timesteps.

Figure 13 shows the user functions for two timesteps of
the model with chemistry, we can easily see the pattern of
functions that follow the time steps with chemistry and ap-
preciate the similarity in terms of shape with the figures 3
and 4.
We can see the shapes of the functions where the MPI Calls
are performed, as well as the functions prior to these, among
the user functions shown, the most notable ones for their
computational time at a glance and the ones that seem to
be more load imbalanced are aero bsc driver, which con-
tains the drivers of chemical mechanisms of aerosols, and
run ebi ext, which calls the EBI solver, the main function
that solves chemistry. Since this trace does not provide con-
crete numbers about how the processes behave in the func-
tions, we can extract a histogram on the section of the trace
shown on figure 20, shown in the section A, with several
interesting measures.

Due to the size of this histogram, it can be seen in
the appendix A, figure 21 confirms that the functions
aero bsc driver and run ebi are among those that take the
most computing time, with an average of 33.63% and
12.56%. We can also see solver run, which corresponds to
the main interface, and exch3, which is where most of the
synchronization of the processes is performed.

Domain scientists have confirmed that the difference
between the time consumed in these solving functions
is likely due to the different conditions within the cells,
whether it is the position on the grid or the different
physical quantities (i.e. pressure, temperature etc) that can
affect the solution time of the aerosols and the chemistry,
all of which can cause some cells to be more expensive and
require more iterations to converge on a solution. In the
meantime, there is no solution that removes time from the
most expensive cells in a simple way without affecting to
the model solution, so we must try to deal with these in the
most optimal way possible.

With this information, we can propose a solution in-
volving the implementation of a method to balance the
load between the processes. A good solution for this
type of problem is implementing some kind of process
planification algorithm.
There are several algorithms for this problem, we suggest:

• Round Robin: Has a queue of MPI ranks and assigns
cells to the first process on the queue, if the first pro-
cess hasn’t finished the computation of its cell, it is just
sent to the end of the queue and goes to the next one.

• Knapsack: A more complex algorithm that predicts the
cost of each cell based on the initial data or the previ-
ous timestep, then distributes the cells from the most
to the least expensive to different MPI ranks. It could
give better results than round robin, but it is strongly
dependent on how good the cell prediction is.

These strategies often lead to neighboring cells being dis-
tributed to different nodes in the machine, which results in
more expensive MPI communications between them due
to them not having shared memory. This can decrease the
performance in a lot of models, but in this case, there are
communications only at the start and end of the timesteps,
so it is not an issue.
Both strategies have a drawback in practice, due to the great
complexity of the model they would be very difficult to im-
plement, since the way the model cells are distributed would
have to be completely changed, and this is beyond the scope
of this work. Therefore, to determine if this implementa-
tion is really worthwhile, we estimate the maximum perfor-
mance improvement achievable here.
To achieve this, we will use the previous user functions and
callers, since with these we have detected which functions
the inequality comes from, as well as the functions that deal
with this inequality by containing the synchronizing MPI
Calls. We will look more closely at the functions that deal
with the inequality of the processes, since they can be a
good measure of how this affects performance, specifically,
the functions corresponding to the exch module mentioned
above, since these do not perform any computation, so al-
most all the time they occupy is due to the MPI Calls.

Table 4: User functions of the CHEM model for the func-
tions of the exch module.

In the histogram of figure 4 we can see how among all
the used functions of the module exch consumes a 25% of
the time, taking this percentatge as a reference, the maxi-
mum speedup if there weren’t any communications would
be 1.33x, this speedup can vary according to the configura-
tion of the experiment, being able to introduce more com-
ponents to solve, changing the time interval or the domain,
since this can influence the inequality between the different
processes. However, it is impossible to reach this speedup,
since there will always be communications between the pro-
cesses, and it is not possible to eliminate all the load imbal-
ance, so for a future implementation, we should take into
account that the performance improvement will be lower.

5.4 MPI Profile CHEM analysis
In this section, we will delve deeper into the MPI Profile
of the chemistry model to identify more performance prob-
lems and find solutions. We will focus on the part that cor-
responds to the hours where the chemical part of the model
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is used, since the performance problems of the part without
chemistry, that is, the MPI Waits at each hour have mainly
been studied in the section 5.2. We saw at figure 5 that there
were big MPI Barrier (red) every hour at the hours where
chemistry was computed, to see if this red bands can affect
the scalability of the model also, we can see its behaviour
when the number of computing tasks increments.

Fig. 14: MPI Profile of chemistry hours with 720 comput-
ing tasks.

In figure 14 we see that the MPI Barrier bands are even
bigger if the number of computing tasks increases. This
means that while the rest of the model is scaling, these
communications aren’t. Normally, communications take
slightly more time when the number of MPI ranks in-
creases, but in this case, they are drastically affecting the
performance. To see what is exactly happening, we can
zoom in on the red bands.

Fig. 15: Red bands of figure 14 zoomed in.

Figure 15 shows the trace when we zoom in on any of the
red bands, we can see triangles turning calls of MPI Recv
MPI Barrier which indicate that most MPI ranks remain
waiting while some other rank is doing more work than
them. This behaviour is inefficient, to quantify how it af-
fects the simulation we can use the histogram of MPI calls
of figure 14.

Table 5: Percentage and total time (microseconds) con-
sumed by the different MPI calls.

In table 5 we see how the parallel efficiency is only
47% for the hours solving chemistry, having an average of
17% consumed by MPI Barrier and 11% by MPI Recv,
with both of them exhibiting a huge difference between the
maximum and minimum percentatges, explained by the

triangles of figure 15. This confirms that this part of the
code is executing in a sequential manner, as one MPI rank
does most of the work.
After using the callers functionality shown in figure 12,
it has been concluded that these communications come
from the subroutine dstrb. This subroutine carries out the
MPI communications to distribute the relevant sections of
a global array from the master process to the other MPI
ranks. This subroutine is used frequently throughout the
execution, specifically every time binary files have to be
read, which happens during initialization and in certain
simulations also at the start of each hour, as is the case
here. Being a function of a fairly general nature and that is
used in several parts of the simulation, it is worth studying
it in depth and seeing if it can be optimized.

Fig. 16: Dstrb function
flux diagram.

Fig. 17: Dstrb new im-
plementation flux dia-
gram.

Figure 22 shows the flow diagram of the function
dstrb mentioned above. As concluded from the trace in
the figure 15, it is done sequentially, so that the master
process processes the arrays of each of the processes in
the grid, receiving the limits from them and sending the
corresponding positions to each one. This implementation,
in addition to being inefficient due to being sequential, is
also inefficient due to the large amount of communications
that the master process must make with the rest.
Since the master process already has all the information of
the grid distribution, it doesn’t have to receive the limits
from every MPI rank individually, so this communications
can be changed to a simple MPI Scatterv sending to each
rank the part of the array that belongs to the grid cells
that it is computing. To do this, the global array has to
be preprocessed by the master process, but this is more
efficient than iterating over all the ranks as it was doing.
The new implementation is shown in figure 23.

This new implementation leads to a great improvement
in the performance of the program, since the master pro-
cess no longer has to iterate through the rest. The trace cor-
responding to the new execution corresponds to the figure
18, which if we compare it with the initial 14, we can see
a great improvement, so that at first glance the red bands
corresponding to the distributions of the global arrays are
almost not visible.

The traces of figure 18 show that the new implementation
reduced the time the processes spend distributing the global
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Fig. 18: Resulting traces after improving the Dstrb func-
tion.

arrays. As we see in the zoomed trace (right one), they still
spend time on MPI Scatterv waiting for the master process,
but it is significantly less than before.

Table 6: Percentage and total time (microseconds) con-
sumed by the different MPI calls with the new implemen-
tation.

The table 6 show that the percentage of time consumed
by MPI Scatter and MPI Barrier is a 7% and 6%, which is
much lower than the 11% and 17% consumed previously
by MPI Recv and MPI Barrier. But since the percentatges
are relative to the total time of execution, we can compare
the average total times for both, which are 18,5 seconds for
new implementation and 51 seconds for the old one, what
means an improvement of 32 seconds for the communica-
tions inside this function.
Also, after using the histograms of total time for checking
the total running time of the simulation, it went down from
178,18 seconds to 145,57 seconds, so the new implemen-
tation meant a 1.22x speedup in this case. This affects all
the simulations as said before, but the speedup can vary de-
pending on how many times it is called in relation on how
many time is spent in the rest of the simulation, so for know-
ing exactly how the dstrb function improved we can use
the user functions for measuring the time the different MPI
ranks spend inside it.

Table 7: Total time
spent on dstrb and aver-
age time per call to dstrb
for the old implementa-
tion.

Table 8: Total time
spent on dstrb and aver-
age time per call to dstrb
for the new implementa-
tion.

Tables 7 and 8 show the total time of dstrb went
down from an average of 34,62 seconds to 17,29 seconds,
and average time per call from 1,97× 10−3 seconds to
0,98× 10−3, which means a speedup of 2.00x for this
function.

6 MAIN IMPROVEMENTS

During the project two major changes have been applied to
the model:

1. Splitting the writing tasks into different I/O servers
gave a maximum speedup for the DUST model of 2.0x
for the global domain and 2.2x speedup for the re-
gional domain when incrementing the number of tasks
to 676, also a 1.2x for CHEM.

2. Changing the distribution of global arrays in the
model. This gave an overall speedup 1.22x on 720 pro-
cesses.

To show how the number of processes impacts the per-
formance improvement,t the scalability of both DUST and
CHEM before and after the changes is plotted in figure 19.
The solid lines represent the results before the changes and
the dotted lines the results after. The total times of the sim-
ulations are shown in the annex A.

Fig. 19: Time, Speedup and efficiency running CHEM
model in regional domain for 1-8 nodes (112 cores per
node).

These figures show that the changes do not have a signif-
icant impact on both CHEM and DUST models when run-
ning with fewer cores, but the performance improves once
we increase the number of nodes, shown by the increase
in speedup and efficiency, demonstrating improved scala-
bility. Even though there were changes focused on each of
the models, both are affected by all of them. The improve-
ments described in this work will be extremely valuable to
MONARCH users, as one of the most important and diffi-
cult things to improve in these type of models is the scala-
bility, since there is always a bottleneck caused by the com-
munication overhead. These changes improved the commu-
nications, which will allow the users to run the model at a
higher resolution or more times with fewer resources.

7 FUTURE WORK

This project also leaves some topics open for future work,
the first one was introduced in 5.2, referring to the program
writing different output files when splitting the writing tasks
in various MPI communicators, making them turn the writ-
ing of the simulated hours. This can be solved easily by
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running a simple command of the CDO module [13] for
performing the merge of the netcdf files by the time vari-
able, since they don’t have any conflict on the hours writ-
ten. Althought this can serve as a fast fix, it takes some
extra time, so the ideal solution is to change the model so
that the writing tasks perform the writing in parallel with
netcdf support, this way the writing itself would be faster
and maybe it wouldn’t be necessary to perform additional
post-processing steps.
In addition, in section 5.3 the possibility of implement-
ing some kind of workload manager was introduced. The
idea given was to implement a load-balancing algorithm for
managing the grid distribution. Both knapsack and round
robin have the potential to solve this issue, but knapsack de-
pends on the fact that we can estimate the cell costs, which
can also be a bit computationally expensive and potentially
unreliable, so round robin is easier to implement and should
provide good results, not that different from knapsack. We
thus propose that round robin would be the first choice and
starting point.
There are also other versions of the model still not reviewed
in this project, in particular the new GPU chemistry solver
CAMP model and the nested version of the model, which
has many more communications between parent and child
domains will also be profiled and analyzed.

8 CONCLUSIONS

In conclusion, the objectives raised at the start of the project
were met, first understanding how the model works and
how the performance can be improved for various modules,
for then applying the changes needed to reduce the perfor-
mance issues and improve the performance and scalability
of the model. These changes will allow the users to run
more simulations with more processors or higher resolu-
tions without affecting to the scientific results of it.
This report will be used to disseminate the knowledge ob-
tained to other developers and users. Sharing the details of
changes applied, as well as how and why they affect the
performance, is very important to avoid the repetition of the
work. Since there are other similar models to MONARCH
in the HPC community, it’s possible that they will also ben-
efit from the results of this project.
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A ANNEX

Fig. 20: Full trace of user functions for simulated hours with chemistry.

Fig. 21: Time percentatge inside all the MPI calls for the twelve hours of the simulation which compute chemistry.

Fig. 22: Scalability of total elapsed time simula-
tion time for chemistry simulation.

Fig. 23: Scalability of total elapsed time by sim-
ulation time for DUST simulation.


