
Improving the throughput of an
atmospheric model using an

asynchronous parallel I/O server

Master’s Thesis

for the award of the degree of

Master in Innovation and Research in Informatics (MIRI)

specialization in

High Performance Computing (HPC)

Xavier Yepes-Arbós
(xavier.yepes@bsc.es)

Supervisor
Mario C. Acosta

(mario.acosta@bsc.es)

Co-supervisor
Francisco J. Doblas-Reyes
(francisco.doblas-reyes@bsc.es)

Tutor
Daniel Jiménez-González
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Abstract

The increment of the spatial resolution for computational Earth system models
is nowadays one of the main concerns of the scientific community in order to
solve more complex problems, and thus, achieve more accurate solutions to the
reality. However, the new complexity requires more computing power than only
cutting-edge supercomputers can provide. This requires to use sophisticated HPC
techniques to efficiently use the computational resources. In addition, such high
resolutions lead to generate an enormous amount of data to meticulously represent
accurate solutions.

Current Earth system models usually have inefficient sequential I/O schemes that
used to run low grid resolutions, where the generated amount of data for the
simulation results was not particularly big. However, sequential I/O schemes do
not scale with current models where a lot of parallel resources are used. In order
to address this issue, the most adopted approach is to use scalable parallel I/O
solutions that offer both computational performance and efficiency.

This master’s thesis analyzes the I/O process of IFS, one of the most important
atmospheric models used around Europe for several institutions, which uses an
inefficient sequential output scheme. Here it is presented an easy-to-use develop-
ment that integrates an asynchronous parallel I/O server called XIOS into IFS.
Moreover, different optimization techniques, such as computation and communica-
tion overlapping, are applied in the integration development to minimize the I/O
overhead in the resulting IFS execution.

The results show that the use of XIOS in IFS to output data is certainly good. This
new parallel scheme has significantly reduced the execution time of the original



sequential scheme. Using the proper configuration, XIOS proves to be a scal-
able I/O server that keeps a low overhead regardless the amount of IFS processes
and the output size. Furthermore, XIOS offers a series of benefits that shorten
the critical path of IFS experiments by concurrently running the post-processing
task along the IFS execution: data format conversion, online post-processing and
CMIP-compliant output. In this scenario, the total execution time is greatly re-
duced.
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Chapter 1

Introduction

Over the years, computing power of supercomputers has grown exponentially [1].

Scienti�c applications from all disciplines have bene�ted of it by increasing the

complexity of the computational models used. This new complexity turns into

extra computational cost added using di�erent methods, from the increase in the

horizontal or vertical resolution of spatial grids to the interaction in parallel of new

components simulating additional features (biochemistry, ice, etc.). When this

kind of applications have available more computational resources, they can a�ord

to solve more complex problems leading to more accurate solutions. For example,

the increase of the horizontal spatial resolution, in ocean models for areas near

to the coast, allow to correctly simulate some small-scale processes such as eddies

[2]. However, a higher resolution implies to generate much more data because

the representation of these small-scale processes requires more points. One of the

main problems is to e�ciently write this such amount of data along the execution

of applications. The second main problem is to post-process this data afterwards.

Post-processing is the phase where data is transformed using de�ned operations,

such as data format conversion, computation of new derived variables known as

diagnostics, etc.

A good example where this extra computational power has been used is in the �eld

of Earth System Modelling (ESM). Numerical weather and climate prediction has

considerably improved the accuracy of forecasts, predictions and projections due
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to the increase of the grid resolution [3]. Obviously, taking advantage of this

extra computational power requires to properly use e�cient High Performance

Computing (HPC) techniques. Traditionally, the focus of improvement from a

computational point of view in ESM has been the calculation and communication

of algorithms [4]: the increase of the Instruction Level Parallelism (ILP); the

massively parallelization of code using heterogeneous platforms such as Graphic

Processing Units (GPUs) or Intel Xeon Phis; the memory access; the compiler

tuning; the optimization of Message Passing Interface (MPI) patterns; and many

more.

One of the most important issues studied to improve the computational e�ciency

are workload imbalances between processes [5][6]. Workload imbalances happen

when the amount of work to be solved for each one of the processes is not evenly

distributed, so this causes that some processes have more work to solve than

others. Then, processes that �nish earlier have to wait for the slowest ones. This

problem gets worse when more processors are used, since the workload distribution

is more complex. Another issue to be taken into account are the possible workload

imbalances due to the type of grid used in Earth system models. Grids are used

as spatial representation to discretise the Earth's surface to solve equations on

evenly distributed grid-points. However, depending on the type of grid, the domain

decomposition could be more or less complex. As an example of the type of

grid used for this work, using regular reduced Gaussian grids has some intrinsic

problems on the Earth poles [7][8], where the computation and communication

among neighbors (to ful�ll spatial dependencies) is much more expensive compared

to other regions of the Earth, such as the Equator. This is because it is necessary

to use a more complex domain decomposition.

Although ESM community has done considerable e�orts to improve models from an

algorithmic point of view, there is a very important aspect that has almost been

forgotten during many years because it was not signi�cant enough in the past:

the Input/Output (I/O). Due to the new complexity of models, it will become

really di�cult to exploit computational resources to achieve more accurate results

without performing an e�cient I/O, because Earth system models are signi�cantly

increasing the number of variables to be output, as well as the output frequency
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of variables. The output process is usually performed at the end of speci�c time

steps, during the execution of the model. This process has increased the execution

time during the last years, since more and more data has to be stored from higher

grid resolutions. In the end, an ine�cient I/O process could lead to a serialization

where all resources are waiting to complete this critical task. Moreover, since

we are rapidly approaching the exascale era, the I/O part will become a truly

bottleneck [9], mainly because of the produced huge amount of data. Exascale

computers are future machines that will have at least one exaFLOP, or a billion

billion calculations per second. On these machines, models will be potentially able

to simulate ultra-high resolutions, but if the I/O process is not optimized at the

same time, everything will slow down and will not be possible to achieve the future

ambitious goal of having more complex models.

One of the models that could be in this situation is the Integrated Forecast System

(IFS). IFS [10] is a global data assimilation and forecasting system developed by

the European Centre for Medium-Range Weather Forecasts (ECMWF) and used

by several institutions around Europe. IFS has two di�erent output schemes:

a sequential output scheme which gathers all data in the master process, and

the M�et�eo-France (MF) I/O server which is an e�cient I/O scheme that uses

dedicated resources to perform the I/O. While ECMWF uses the MF I/O server

for its operational forecasts, external institutions have to use the sequential output

scheme due to a license restriction. This is the case of one of the global climate

models most used around Europe, the EC-Earth model, which uses a limited

version of IFS as its atmospheric component.

EC-Earth [11] is a global coupled climate model, which integrates a number of

component models in order to simulate the Earth system. It is used for problems

encompassing from seasonal-to-decadal climate prediction to climate change pro-

jections and paleoclimate simulations. In Figure 1.1 there is a scheme showing the

components of EC-Earth.
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Figure 1.1: Components used in the EC-Earth model

The two main components are IFS as the atmospheric model and the Nucleus

for European Modelling of the Ocean (NEMO) as the ocean model, both coupled

using OASIS3-MCT.

Climate models such as EC-Earth are a very good example to prove that an e�cient

I/O will be needed for the future. They are run to simulate really extensive periods

of time which turns into an enormous amount of data which has to be saved for

prediction and projection analyses. For example, in a recent EC-Earth experiment

consisting in a 100 years projection, it was generated a total amount of 244 TB

of useful data. Only for IFS were used 4416 processors, consuming about 2475786

Central Processing Unit (CPU) hours.

Additionally, there are other tasks that are included typically in the work
ow of

an Earth system model, apart from the task used to solve the governing equations

along the time. These tasks are known as pre-processing and post-processing and

they are used to process the input and output data. For example, in the pre-

processing task there could be the preparation of the initial conditions which are

needed to run any model, whereas in the post-processing task there could be the

computation of derived variables, known as diagnostics. Diagnostics are a type of
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variables computed from other variables, typically prognostic variables which are

directly predicted by the model.

Figure 1.2 illustrates a really simple experiment which contains three tasks: pre-

processing, simulation and post-processing. The time needed to complete the three

tasks is known as critical path, because there are dependencies between them and

must be sequentially executed.

Figure 1.2: Critical path of a basic experiment with three tasks sequentially exe-
cuted

In particular, the post-processing task in EC-Earth is characterized by being quite

expensive, because it needs to transform General Regularly-distributed Informa-

tion in Binary form (GRIB) �les output by IFS to Network Common Data Format

(netCDF) �les. This is necessary because IFS was originally developed for Numer-

ical Weather Prediction (NWP), where the data format standard is GRIB. GRIB

was designed to o�er high performance for I/O operations, since in operational

weather forecast, the time-to-solution is a critical process. However, the data for-

mat used in climate modelling as an accepted standard is netCDF. In addition,

EC-Earth needs to compute expensive diagnostics using variables from both IFS

and NEMO.

1.1 Motivation

As it has been explained, the sequential output of IFS is the scheme used in the

IFS version of EC-Earth. This was not a problem using the resolution required
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for operational experiments, because the I/O did not represent a signi�cant part

in the total execution time.

However, we have recently started to perform very complex experiments in collab-

oration with di�erent institutions around Europe, under the Horizon 2020 (H2020)

PRocess-based climate sIMulation: AdVances in high-resolution modelling and Eu-

ropean climate Risk Assessment (PRIMAVERA) project [12]. This project aims to

simulate using higher resolution and it requires to produce a large number of vari-

ables. As a consequence, the community has experienced a considerably slowdown

in the execution time, not only due to the higher resolution of the computational

part, but also especially due to the I/O part, because it represents about 30% of

the total execution time.

This is one of the critical issues to be solved for the community, because it will

be present in new future experiments which will require similar PRIMAVERA

con�gurations or even more complex.

For this reason, it is necessary to solve this problem by identifying which are the

present and future community needs to use an e�cient and functional I/O ap-

proach. The �rst need is to write in netCDF data format instead of GRIB, like

IFS currently does, because climate modelling works with netCDF format. The

second need is to produce netCDF �les as requested by the CMIP6 data request.

The Coupled Model Intercomparison Project (CMIP) [13] is a standard exper-

imental protocol for studying the output of coupled Atmosphere-Ocean Global

Circulation Models (AOGCMs). The third need is the ability to perform online

post-processing, which means that the data to be output is processed along the

simulation. Those three needs are very important to avoid the costly current post-

process that we have to perform. The fourth need, from a computational point

of view, is to �nd an e�cient and scalable I/O approach able to exploit parallel

resources.

Additionally, the new complexity of Earth system models where di�erent com-

ponents interact among them implies new needs where data produced by each

component will not be independently processed anymore. Since we currently com-

pute some diagnostics using variables from both IFS and NEMO, we will need a
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mechanism to concurrently compute them online for both components along the

simulation, avoiding to do it in the post-processing task.

In order to ful�ll the aforementioned community needs, di�erent I/O tools were

studied, selecting for this work the most suitable one. The XML Input/Output

Server (XIOS) [14] is an asynchronous MPI parallel I/O server that we chose to

be integrated with IFS, and as a consequence will be used in the future OpenIFS

version that will substitute IFS in EC-Earth. OpenIFS is a free licensed and

simpli�ed version of IFS.

In addition, since NEMO is already using XIOS for outputting data, the future

version of EC-Earth, which will use OpenIFS and NEMO, will be able to compute

online diagnostics through XIOS with variables from both components at the same

time.

Therefore, the XIOS integration will ful�ll all the community needs and will in-

crease the computational e�ciency of IFS and will reduce the critical path by

avoiding the post-processing task. Figure 1.3 shows how the critical path will be

improved by using XIOS for IFS, OpenIFS and EC-Earth.

Figure 1.3: Optimized critical path of a basic experiment with two tasks sequen-
tially executed

1.2 Objectives

In this master's thesis our main objective is to improve the I/O performance of IFS

to reduce the total execution time and achieve a better computational e�ciency.
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This is to get more throughput, which means to write more data in less time.

We also set the objective of reducing the critical path by removing the post-

processing devoted to perform costly operations such as GRIB to netCDF data

format conversion or diagnostics computation.

In addition, we also have the objective to increase the usability of IFS by using an

easier output con�guration �le compared to the current approach.

In order to achieve the objectives, we identify the following tasks:

ˆ Perform the state-of-the-art of I/O techniques used in HPC and ESM to

identify the most appropriate approach to be used by IFS.

ˆ Develop an integration between IFS and XIOS.

ˆ Do a performance analysis of the development to detect potential bottle-

necks and use proper optimization techniques to �nally obtain an e�cient

integration.

1.3 European collaboration

We have actively worked and collaborated with two other European institutions to

perform this project: the ECMWF and the Netherlands eScience Center (NLeSC)/

Koninklijk Nederlands Meteorologisch Instituut (KNMI).

ECMWF is interested in this work because of two reasons. Although IFS is used

for the operational weather forecast using GRIB format, other departments are

interested in the new features provided by this work. This means that the IFS-

XIOS integration will be used for seasonal predictions, because they also have in

the critical path the conversion from GRIB to netCDF �les. The second reason is

to make available XIOS with OpenIFS as an optional I/O scheme.

NLeSC joined us to develop future tasks that will follow up this master's thesis

work, but they started collaborating earlier to help in some design decisions, se-

tups, etc. They are interested in the success of the whole project because will

bene�t the EC-Earth consortium. Some of the involved institutions in EC-Earth
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are: Barcelona Supercomputing Center (BSC), KNMI, Swedish Meteorological and

Hydrological Institute (SMHI), etc.

Since IFS is developed at the ECMWF, we were coordinated to use their infrastruc-

ture for development and testing: HPC machine, Git repository, issues tracking

system, support, etc.

This work will contribute on a future H2020 project.

1.4 Document organization

This document is organized as follows. In Chapter 2 we research about the current

available I/O schemes and discuss why we chose XIOS. We give an overview of

IFS, XIOS and the computing environment in Chapter 3. We continue the docu-

ment explaining the development done for the integration in Chapter 4. The next

Chapter 5 is devoted to explain the performance analysis and optimization of the

development. The computational performance of the integration is evaluated in

Chapter 6. Finally, we conclude the work in Chapter 7.
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Chapter 2

State-of-the-art

We have presented the motivation and objectives of this project, explaining why

IFS needs a new I/O scheme that ful�lls the community requeriments. In this

chapter, we will review the state-of-the-art of the I/O solutions used on HPC,

especially in the area of ESM, focusing on parallel I/O libraries and I/O servers.

In Section 2.1 we give a general overview about what is I/O and how it works

the sequential I/O. Then, in Section 2.2 we explain what is parallel I/O and the

di�erent approaches that we can use. We also explain some well-established I/O

libraries in HPC, including MPI-IO, Hierarchical Data Format (HDF), netCDF

and Parallel I/O library (PIO). After that, in Section 2.3 we explain that there is

a particular type of parallel I/O that uses dedicated resources, which are called I/O

servers. We explain what is an I/O server and we present four di�erent examples:

ADaptable I/O System (ADIOS), CDI with parallel I/O (CDI-pio), Climate Fast

Input/Output (CFIO) and XIOS. Finally, in Section 2.4 we compare the di�erent

presented schemes and justify why we chose to use XIOS.

2.1 I/O overview

The action of reading and writing data, commonly known as Input/Output (I/O),

is a basic and essential process of almost all HPC applications to communicate
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with the outside world. Earth system models have traditionally performed the

I/O using sequential writing [9]. It is typically done using the Portable Operating

System Interface (POSIX) I/O Application Programming Interface (API). Figure

2.1 shows the basic layers of the I/O stack involved for reading and writing using

POSIX I/O. Functions such as open, write or close, directly work with �les.

In parallel applications, the sequential I/O implies to send all data to the master

process, which performs the sequential write. In the meantime, the rest of the

processes wait until this process is completed.

Figure 2.1: Sequential I/O stack traditionally used by HPC applications (Repro-
duced from [15])

Sequential I/O was �ne several years ago because the amount of data was not too

high and storage systems were able to deal with it. However, as we explained in

the introduction Chapter 1, the increase of computing power enables the capacity

to execute more accurate simulations, which leads to generate more output data.

In addition, the path to exascale will accentuate this problem. This means that

current sequential I/O schemes are not useful anymore, even if they use optimized

techniques, because it will not scale. Therefore, applications need to use parallel

I/O.

A good example of an e�cient I/O optimization changing the sequential scheme

to a parallel one is in the Community Atmosphere Model (CAM) [16]. They

published this work in 2008, 10 years ago, which indicates that they were already

aware of the inherent problems of the sequential I/O for parallel applications. This

work proved that the transition from sequential to parallel I/O gives really good

improvements in terms of computational performance.

However, the need of more computational power led to use much more processors
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in CAM, and for this reason, the parallel I/O scheme introduced in 2008, was

replaced some years ago by the PIO library, which is explained more in detail in

Section 2.2.

2.2 Parallel I/O

In order to increase the scalability of Earth system models, the current feasible

approach is to make the I/O scalable as well, that is, use parallel I/O.

Parallel I/O is the ability to perform multiple input/output operations at the

same time, such as simultaneously writing several �les or concurrently writing

into di�erent regions of the same �le from di�erent processes.

Applying this concept to Earth system models [17], the main idea is to involve

all the processes of a model so that they balance or re-distribute the data to be

output from subdomains in a way that writing is e�ciently performed and as fast

as possible.

To this aim, there are two strategies commonly adopted [18]:

ˆ Writing multiple �les: data is output among several �les (as many as MPI

tasks). This means that each MPI task is responsible of its subdomain.

The main advantage is that is very scalable, although in some �le systems

the creation of a lot of �les can be a problem. In addition, post-processing

is needed to joint �les. On the left side of Figure 2.2 there is a scheme

showing how each process writes its own �le. As said, this can be done using

the POSIX I/O API, or using MPI-IO point-to-point operations (explained

later on in this section).

ˆ Writing one �le: data is output into one single �le. In this case, no post-

processing for joining �les is needed, but the scalability is more di�cult to

achieve, which depends on the implementation and the number of MPI pro-

cesses used, mainly due to overheads caused by con
icted I/O operations

from all processes. On the right side of Figure 2.2 there is a scheme showing
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how all processes write into a shared �le using MPI-IO collective operations.

Figure 2.2: Common writing strategies: on the left side the strategy for writing
multiple �les and on the right side the strategy for writing one �le (Reproduced
from [18])

Nevertheless, the two previous strategies could not be suitable to scale models

using a huge number of processes. Therefore, a feasible solution could be to use

an intermediate solution. That is, writing a �le for a subset of processes. Figure

2.3 shows a scheme of this intermediate strategy.

Figure 2.3: Intermediate I/O strategy: processes are grouped in subsets to share
a �le (Reproduced from [18])

Since POSIX I/O can not o�er the possibility to implement parallel I/O, it is

necessary to use a library able to o�er this feature. In this case, the most popular

one is MPI-IO. It is not easy to use and as a consequence has not been adopted

by many applications. However, it is indirectly the most used parallel I/O library,
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because many other user-friendly high-level libraries are built on top of MPI-IO,

such as netCDF or HDF. Since these high-level libraries are easy to use, they are

commonly used for Earth system models.

This new approach to perform I/O changes the I/O stack by adding two new layers

[19] as can be seen in Figure 2.4. In this new stack, applications use high-level

libraries that usually o�er a powerful API for e�ciently organizing complex data

objects with the corresponding metadata. At the same time, high-level libraries

use I/O middlewares to e�ciently store data into storage systems through parallel

�le systems.

Figure 2.4: Parallel I/O stack adopted by HPC applications (Reproduced from
[15])

In the following points we review some well-established I/O libraries in HPC ap-

plications [20][21], i.e., MPI-IO for the I/O middleware layer, and HDF5, netCDF

and PIO for the high-level I/O library layer:

ˆ MPI-IO: the MPI 2.0 standard [22] was extended by adding speci�c parallel

I/O functionality. Since POSIX was designed for serial I/O, MPI-IO [15]

aims to o�er a high-level interface to split the reading and writing of data

across several processes taking advantage of MPI messages. It is possible

to use both individual or collective I/O operations. The interface syntax is

based on MPI subroutines.

Therefore, MPI-IO [23] allows to read and write a normal �le from many

di�erent processes, but ensuring that the �le will have the structure as if it

is written using the standard I/O calls. Each MPI process has a description
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about how its data arrays are mapped to the proper place of the �le. MPI-IO

has several advantages: processes can use individual or shared �le pointers,

non-contiguous access of �les and memory (using MPI Datatypes), explicit

o�sets, etc. Regarding the �le data representation, there are three types:

native, internal and external32.

Currently, many di�erent I/O libraries are built upon MPI-IO, because it

o�ers a good performance and deals with low-level implementation details.

The performance can be tuned by setting a lot of di�erent parameters be-

cause each HPC machine has its own hardware and software con�guration.

ˆ HDF5: the Hierarchical Data Format (HDF) [24] is a set of tools, libraries

and �le formats that are used to manage and store large amounts of data. It

can also represent very complex data objects and a wide variety of metadata.

In addition, it is able to store multi-dimensional arrays. HDF5 is the latest

version.

ˆ NetCDF: the Network Common Data Format (netCDF) [25][26] is a set of

software libraries and self-describing, machine-independent data formats that

support the creation, access, and sharing of array-oriented scienti�c data.

The latest version is netCDF4 which can use HDF5 �le format for stor-

ing data, but it is also compatible with the previous (and �rst) version of

netCDF, which is netCDF3. Regarding the parallel use of netCDF, which

by default uses serial writing, there are two mechanisms:

{ For writing in netCDF3 �le format, it is necessary to use Parallel-

netCDF (PnetCDF), built upon MPI-IO.

{ For writing in netCDF4 �le format, it is necessary to use the parallel

functionality of HDF5, built upon MPI-IO.

ˆ PIO: the Parallel I/O library (PIO) [27][28][29] has been developed to im-

prove the ability of component models of the Community Earth System

Model (CESM) to perform I/O. For example, the atmospheric component

is CAM, previously used as an example in Section 2.1. However, the PIO

interface is generic enough to be used by other applications, not necessarily
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Earth system models. Note that the PIO library is an independent software

with regard the CDI-pio library, explained in Section 2.3.2.

PIO is mainly focused on writing data in netCDF �le format, although is

able to write in binary. It doesn't implement its own I/O schemes, but it

uses other libraries: MPI-IO, netCDF3, netCDF4 and PnetCDF. Its optimal

I/O scheme can vary signi�cantly depending on the HPC platform.

Through a simple interface, PIO is able to use a di�erent I/O decomposition

with regard the computational decomposition. This implies that internally,

data has to be re-distributed between processes to perform the output. Fig-

ure 2.5 shows an example of two di�erent decomposition. This has the ad-

vantage of tuning the I/O decomposition for a speci�c platform, but without

changing the computational decomposition of the model.

Figure 2.5: Example of a 2D array that uses 3 processes for the computational
decomposition and 2 processes for the I/O decomposition (Reproduced from [27])

16



2.3 I/O servers

In order to keep improving the performance and the scalability of Earth System

models, it is possible to go one step further and use some nodes exclusively ded-

icated to I/O. The model processes do not need to deal with the I/O, they only

have to send the data to I/O nodes. This has the advantage that they can continue

with the simulation without spending time outputting data.

This approach is known as I/O servers [28], which are the responsible of writing

data into the storage system in order to theoretically hide the disks latency from

the model processes and use as e�ciently as possible the network bandwidth by

using techniques such as aggregation.

There are di�erent strategies to send data from model processes to I/O servers.

Communication is typically done through MPI, by using synchronous or asyn-

chronous operations. Furthermore, I/O servers can have di�erent communication

patterns. One I/O server could collect a subset of subdomains, i.e., each I/O server

aggregates local data from a subset of subdomains for all variables. Or one I/O

server could collect a subset of global variables, i.e., each I/O server aggregates

local data from all subdomains (global domain) for a subset of variables.

I/O servers need to be con�gured by specifying many di�erent parameters: how to

write data, the data format, which I/O method internally use, the number of �elds

to be written and their dimensions, the data decomposition used in the model, etc.

This can be hardcoded, done using an external con�guration �le which is parsed

at runtime, and/or using an API, because some variables are dynamically set up

on the model during runtime.

In addition, some servers can have extra functionality such as online post-processing,

data conversion or data compression. If users want to use it, they simply have to

set up the proper parameters in the con�guration �le (or through the API).

Figure 2.6 shows a scheme about I/O servers, where there are the model processes

communicated with I/O servers. I/O servers, before writing data into the storage

system, can perform online post-processing while model processes continue with

the simulation.
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Figure 2.6: Overview of an I/O server. On the left there are the model processes
which send data to the I/O servers (orange). Then, while models processes keep
running the simulation, I/O servers write data into the storage system

In the following sections we will review some of the I/O servers available in the

literature. All of them are designed for ESM, except ADIOS that is thought to be

generic to any kind of HPC application.

2.3.1 ADIOS

The ADaptable I/O System (ADIOS) [30][31][32] is an I/O system that has proved

to o�er high performance in I/O operations. Its main feature is componentization,

which basically abstracts the scienti�c code from the selection and implementation

of I/O routines.

The con�guration is done using an Extensible Markup Language (XML) �le which

describes the type of I/O that must be performed, o�ering several possibilities:

synchronous or collective MPI-IO; parallel HDF5; parallel netCDF; asynchronous

communication using Decoupled and Asynchronous Remote Transfers (DART) or

DataTap methods; or no output.
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ADIOS has an API to be called from the scienti�c code, which does not have to

be modi�ed in case of changing the I/O method. In order to change the method,

it is done through the XML �le, which is parsed at the beginning of the execu-

tion. Thus, re-compilation is not needed, only re-execution. Figure 2.7 shows an

overview of the ADIOS API where di�erent I/O methods can be chosen.

Figure 2.7: Overview of the ADIOS API architecture (Reproduced from [32])

Furthermore, it o�ers a feature called Data Transformations which are devoted

to change the format and/or encoding of data to improve the performance of

read/write operations and reduce the storage space. Figure 2.8 shows how the

transform plugins are integrated in the ADIOS framework.
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Figure 2.8: Overview of the ADIOS transform framework (Reproduced from [31])

2.3.2 CDI-pio

The Climate Data Interface (CDI) [28][33][34] is an I/O library which provides a

machine and format independent interface for reading and writing data stored in

scienti�c formats typically adopted in NWP and climate modelling. It is being

jointly developed by the Max-Planck-Institute for Meteorology (MPG)) and the

German Climate Computing Centre (DKRZ).

CDI used to support multi-thread, single-process scheme, but this is not scalable to

current systems, where it is needed massive parallelism using distributed memory.

CDI with parallel I/O (CDI-pio) addresses this issue implementing parallel writing

over the serial CDI. It uses dedicated I/O processes asynchronously communicated

to write data into the storage system. Furthermore, CDI-pio has support for both

GRIB and netCDF formats. It o�ers an e�cient data compression to considerably

reduce the output data volume.

Internally, CDI-pio uses MPI-IO, PnetCDF/HDF5, POSIX I/O or C stdio depend-

ing on the con�guration. In Figure 2.9 there is a comparison of the architectures

between serial CDI and CDI-pio.
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Figure 2.9: Comparison between serial CDI (on the left) and CDI-pio (on the
right). Note the highlighted words in orange to represent the parallel extensions
(Reproduced from [34])

One interesting point in CDI-pio is that I/O servers gather full �elds, which means

that an I/O server is in charge of gathering a subset of full-domain �elds.

2.3.3 CFIO

The Climate Fast Input/Output (CFIO) library [35] provides a simple method

to overlap the I/O phase with the computational phase automatically to reduce

the execution time of high-resolution climate models. CFIO provides a similar

interface to PnetCDF to minimize the source code modi�cations.

CFIO overlaps I/O with computing by implementing a client-server mechanism to

deal with I/O forwarding and handling of I/O requests. It is possible to choose

the number of servers in order to balance the time needed by computing processes

and the time needed by the I/O processes to write data. Internally, CFIO uses

PnetCDF to write data to disk through the parallel �le system. In addition, it is

possible to choose the type of communication between client and server processes:

synchronous or asynchronous. They report that in runs using a lot of processors,

the execution time is smaller using synchronous communications. In Figure 2.10
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there is an overview of the architecture.

Figure 2.10: Overview of the CFIO architecture (Reproduced from [35])

2.3.4 XIOS

The XML Input/Output Server (XIOS) [14][28][34][36] is an asynchronous MPI

parallel I/O server that is used by Earth system models to avoid contention in the

I/O. It is developed at the Institute Pierre Simon Laplace (IPSL). Since XIOS is

the I/O server used in this project, it is explained in detail in Section 3.2.

Nevertheless, it is interesting to give an overview of XIOS Interface for Arpege-

climat and Surfex (XIAS) [37], which is a software speci�cally developed for Action

de Recherche Petite Echelle Grande Echelle (Arpege) (atmospheric model) and

Surface Externalis�ee (SURFEX) (surface model) so that both models can write

data using XIOS. Therefore, XIAS is an interface to handle all the needed calls to

use XIOS by implementing a thin software layer above SURFEX-provided routines.

Then, since XIAS is implemented in SURFEX routines, Arpege uses XIAS through

SURFEX using an inheritance mechanism.

The reason to research about XIAS is that Arpege and IFS are in essence the

same atmospheric model, with the di�erence that Arpege is modi�ed by MF to
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ful�ll their speci�c needs. We contacted with the XIAS developers asking more

information, but they told us that XIAS is not suitable for IFS, because its design

was strongly in
uenced by SURFEX, so the interface should be re-designed to be

used by IFS. For this reason we discarded to re-use XIAS.

2.4 Discussion: comparison and choice

We have reviewed several options in the literature that could potentially be inte-

grated with IFS to solve the I/O bottleneck. Although we have not explained too

much about XIOS in Section 2.3.4 (we said that is explained in detail in Section

3.2), we can make a comparison between the di�erent schemes because we already

know their main features.

In the motivation Section 1.1 of this project, we have clearly explained the speci�c

needs that we have, so all of them should be ful�lled by one of the I/O schemes

that we have presented.

If we focus on the execution time of the simulation, as well as only outputting data,

we think that it is not clear which could be the fastest I/O server, because the

respective authors report good performance, and I/O is something very machine-

dependent and even context-dependent. For example, you could be running your

scalability tests in a moment where there are other users that are executing I/O-

intense applications. This would speed down your tests.

Nevertheless, there are other aspects that in
uence our choice. In both IFS stan-

dalone and IFS within EC-Earth the post-processing phase is needed, so if we can

move this work to the I/O servers we can save a lot of resources and time. In

the current critical path of an experiment, after the simulation we have to write

temporary �les that will be read in the post-processing phase to be then written

again once they are processed. With online post-processing, after the simulation

we would be able to directly write the de�nitive �les. I/O servers such as CDI-pio

and CFIO do not o�er online post-processing. In ADIOS, there is the possibil-

ity to add a plugin to transform data, but in case of being possible, it would be
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needed a lot of extra work to add those post-processing functionality that in XIOS

is already available.

Furthermore, EC-Earth contributes with climate simulations to the CMIP project,

where data organization must follow an strict standard that XIOS is aware. De-

spite the fact that the other I/O servers can write in netCDF, they do not take

into account the CMIP standard.

Last but not least, as we exposed in the introduction, in EC-Earth we have to

calculate diagnostics that are derived using �elds from both IFS and NEMO. Since

NEMO is already using XIOS, if IFS was using XIOS as well, we would be able to

calculate these diagnostics online instead of doing it at the post-processing phase.

ADIOS may not support online diagnostics using variables from more than one

component. However, if it was possible, we would have much more work, because

it would be needed to integrate ADIOS with IFS and NEMO.

Therefore, according to what we need and what I/O servers o�er, it is quite ir-

refutable that we have to choose XIOS.
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Chapter 3

Context

In this chapter we will explain the two main components used in this project. In

Section 3.1 we give an overview of the scienti�c part of IFS and a more detailed

explanation about the computational part, including the new octahedral reduced

Gaussian grid, the parallelization and domain decomposition, the data structures,

the two available output schemes and two environment tools to use IFS. In Section

3.2 we explain the main features of XIOS and how it is used. We give an overview

of all the XIOS elements: axis, domain, grid, �eld, �le, �lters and performance

variables. Finally, in Section 3.3 we explain the main characteristics of the Cray

XC40 supercomputer that we use to develop this project.

3.1 IFS description

We will mainly focus on the technical and computational part of IFS, and only

brie
y describing the scienti�c part.

3.1.1 Brief overview

One of the most advanced NWP models is the Integrated Forecast System (IFS).

IFS is an operational global meteorological forecasting model and data assimilation
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system developed and maintained by ECMWF.

IFS [38][39][40] is a spectral model that discretises the Euler equations of motion,

resolving 
ow features to approximately 4-6 grid-cells at the nominal resolution.

The subgrid-scale features and unresolved processes are described by atmospheric

physics parametrizations. There are many di�erent unresolved physical processes

in the atmosphere, such as radiation, clouds and subgrid turbulent motions. In

Figure 3.1 there is an overview of the di�erent physical processes.

Figure 3.1: Overview of the unresolved physical processes in the atmosphere (Re-
produced from [39])

The dynamical core of IFS is hydrostatic, two-time-level, semi-implicit, semi-

Lagrangian and applies spectral transforms between grid-point space (where the

physical parametrizations and advection are calculated) and spectral space. In the

vertical the model is discretised using a �nite-element scheme. A reduced Gaussian

grid is used in the horizontal.

In order to simulate more accurate forecasts, it is possible to use other components

of the Earth system. For example, IFS can be run coupled with the community

ocean model NEMO or with the WAve Model (WAM).
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3.1.2 Octahedral reduced Gaussian grid

Although IFS is a spectral model, we have mentioned that part of the processes are

resolved in grid-point space. Grids are a fundamental part of Earth system models,

not only due to scienti�c reasons, but also due to computational performance.

Each one of the grid-points have an associated latitude and longitude to place them

on Earth. Latitude is the geographic coordinate that speci�es the north{south po-

sition of a point on the Earth's surface, while longitude is the geographic coordinate

that speci�es the east-west position of a point on the Earth's surface. Figure 3.2

shows the concept of latitude and longitude, which will be needed to set up XIOS.

Figure 3.2: Concept of latitude and longitude

One �eld of study is the shape of the grid. There are di�erent proposals in the

literature to �nd a good distribution of grid-point over the Earth. The three basic

grids used in NWP are [41]:

ˆ Rectangular or regular Gaussian

ˆ Triangular

ˆ Hexagonal
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IFS used to use a regular Gaussian grid, but this type of grids su�er from "the

polar problem" where density of grid-points in the poles is huge, since all latitudes

have the same number of longitude points. To solve this, they later introduced

the reduced Gaussian grid, where the number of longitude points for each latitude

decreases when closer to the poles. Figure 3.3 shows the di�erence between a reg-

ular Gaussian grid (left) and a reduced Gaussian grid (right).

Figure 3.3: Comparison between a regular Gaussian grid (left) and a reduced
Gaussian grid (right) (Adapted from [42])

In order to keep improving the grid, IFS is currently using a new grid called

octahedral reduced Gaussian grid [42][43]. It brings signi�cant bene�ts in terms

of computational e�ciency and e�ective resolution.

The new method to generate the octahedral reduced Gaussian grid, optimizes the

total number of points around the globe and introduces a regular reduction of the

number of points per latitude circle towards the poles. The process to generate

this grid is illustrated in Figure 3.4. The idea is to divide each hemisphere of the

globe into 4 quarters, where each quarter corresponds to one face of an octahedron.

Then, start with 20 points, �ve per quarter at the Gaussian latitude closest to the

pole. After that, add one point per quarter for each new Gaussian latitude towards

the equator (this implies four additional points per each Gaussian latitude). Due

to Earth's curvature, the distance between grid-points of a latitude (dx), varies

with regard to other latitudes' dx distance.
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Figure 3.4: Process to generate an octahedral reduced Gaussian grid (Reproduced
from [43])

Figure 3.5 shows a resolution comparison between the reduced Gaussian grid (left)

and the octahedral reduced Gaussian grid (right). The octahedral grid has a lo-

cally more uniform dual-mesh resolution than the reduced grid.

Figure 3.5: Dual resolution comparison. The octahedral grid (right) has a locally
more uniform dual-mesh resolution than the reduced grid (left) (Adapted from
[43])

3.1.3 Parallelization and domain decomposition

A meteorological model such as IFS [44] that has 3D �elds, may have a grid-point

structure such as the one in the Code snippet 3.1. There are 3 dimensions for all
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�elds.

1 REAL Model Data(1:Horiz i, 1:Horiz j, 1:Levels k, 1:Fields)

Code snippet 3.1: Typical data structure for 3D �elds

Since IFS is an MPI+Open Multi-Processing (OpenMP) hybrid model and used to

run in vector processors, ECMWF designed a more sophisticated data structure to

be e�ciently parallelized. Code snippet 3.2 shows the current data structure used

in IFS. The idea of the current parallelization is that �elds are processed using a

blocking technique, where the �rstNPROMA dimension can be adjusted by the

user at run-time to �t the memory cache. Depending on the size ofNPROMA,

there will be more or lessNGPBLKS blocks. The 2D i-j horizontal dimension is

transformed using these two new dimensions.

1 REAL Model Data(1:NPROMA, 1:NFLEVG, 1:NFIELDS, 1:NGPBLKS)

Code snippet 3.2: Data structure used in IFS

The other two dimensions remain the same, which areNFLEVG (or vertical di-

mension) andNFIELDS (the number of �elds). However, note that these two

dimensions now are not in the outter dimensions of the array. This implies that

for a givenNGPBLKS block, all �elds are processed. Code snippet 3.3 shows the

OpenMP parallelization applied in IFS for its data arrays. In addition, Figure 3.6

shows the NPROMA blocking used in IFS.
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1 !$OMP DO SCHEDULE(STATIC)
2 DO iblock = 1, NGPBLKS
3 DO i
d = 1, NFIELDS
4 DO ilvl = 1, NFLEVG
5 DO i = 1, NPROMA
6 Model Data(i, ilvl, i
d, iblock)
7 END DO
8 END DO
9 END DO

10 END DO
11 !$OMP END DO

Code snippet 3.3: OpenMP parallelization used in IFS

Figure 3.6: NPROMA blocking strategy used for IFS data arrays. For each
NPROMA block, IFS iterates over all elements (NPROMA) of each vertical level
(NFLEVG ) and for each �eld (NFIELDS )

The details of the IFS intra-node shared-memory parallelization are very important

to understand how the integration with XIOS will be done.
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On the other hand, IFS also uses inter-node distributed-memory parallelization

through MPI. First of all, it is important to brie
y overview the four major al-

gorithmic steps of IFS to better understand the strategy followed in the paral-

lelization: grid-point computations, spectral computations, Fourier transform and

Legendre transform. Figure 3.7 shows an overview of these four algorithmic steps

in a single time step of IFS. The blocks in the centre of the �gure represent the

data decomposition used at any step within the time step. The idea of using

this approach is that only in the transpositions there is data movement between

MPI processes, thus in the computation steps all dependencies are satis�ed, so no

further communications are needed (there is an exception in the grid-point calcu-

lations where a few communications are performed for the semi-Lagrangian phase).
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Figure 3.7: Major algorithmic steps in an IFS time step. The blocks in the centre
are the di�erent data decomposition used at each step (Reproduced from [44])
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We will only focus on the grid-point computations step because XIOS requires to

output data in grid-point state.

The grid-point dynamics and physics computation only has vertical dependencies,

so all grid columns can be considered independent of each other, allowing an

arbitrary distribution of columns between MPI processes.

The domain decomposition has been considerably improved since the beginning

in order to have the maximum workload balance between MPI processes. There

are several aspects that determine a good data decomposition. For example, as

we mentioned, in reduced Gaussian grids we have less grid-point longitudes in lat-

itudes close to poles, so it can become a source of imbalance. Or for example, the

subdomains' shape should be as squarer as possible to minimize the communica-

tions' size of the semi-Lagrangian phase.

In order to achieve a good workload balance, IFS can use two decomposition

strategies, the 2D scheme, the original strategy, and the EQREGIONS scheme,

the current default strategy. In Table 3.1 there are the most basic variables to

describe the type of decomposition.

Variable Description
NPROC Total number of processors to be used

LEQ REGIONS Logical controlling use of EQREGIONS partitioning
NPRGPNS # Proc. in the North-South direction (LEQ REGIONS=F)
NPRGPEW # Proc. in the East-West direction (LEQ REGIONS=F)

LSPLIT Allows the splitting of latitude rows

Table 3.1: Variables to control the grid-point decomposition (Adapted from [44])

Through an example we will explain how is performed the 2D scheme. Later on, we

will show the bene�t of using the EQREGIONS scheme with a graphical example.

Our example has 6 processors and we are using a reduced Gaussian grid with 19

latitudes. We could set up the decomposition variables as it is shown in Code

snippet 3.4 to have a good distribution. Figure 3.8 illustrates how the calculation

of the decomposition is carried out in two steps.
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1 NPROC = 6
2 LEQ REGIONS = . FALSE .
3 NPRGPNS = 3
4 NPRGPEW = 2
5 LSPLIT = . TRUE .

Code snippet 3.4: Basic decomposition variables

Figure 3.8: Example of a grid-point decomposition using 6 processors. On the left,
the �rst step with the North-South partitioning and on the right, the second step
with the East-West partitioning (Reproduced from [44])

In the �rst step, the total number of grid-points is split as equally as possible in the

North-South direction (the "A" set), i.e., between the number of NPRGPNS sets.

Note that there are latitudes shared between "A" sets due to LSPLIT=.TRUE..

This introduces a di�culty in the addressing of some arrays. This is taken into

account with some additional variables used to address the subdomains. There is

a more complete list in Table A.1 of Appendix A.
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In the second step, the number of grid-points of each one of the "A" sets are split

as equal as possible in the East-West direction (the "B" set), i.e., between the

number of NPRGPEW sets.

According to Figure 3.8, in our example there will be two processors with 26 grid-

points and 4 processors with 25 grid-points. As we said, in Appendix A there is

a more complete list of the variables used to address the global domain and local

subdomains. In addition, Figures A.1 and A.2 of Appendix A graphically show

the usage of the decomposition variables based on our example.

Although the example is really small, it is even visible in Figure 3.8 that the shape

of the subdomains it not square. Figure 3.9 shows an example of the 2D scheme

partitioning using 512 MPI processes. It is quite obvious that using the same

amount of "B" sets for all "A" sets is not a good startegy.

Figure 3.9: 2D scheme partitioning using 512 MPI processes (Reproduced from
[44])

For this reason, ECMWF introduced the EQREGIONS scheme, where "A" sets

close to poles have less "B" sets (Figure 3.10). This results in squarer partitions

of equal area and small diameter.
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