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Abstract: Climate change poses a major threat to envirorshentstainability.
Africa in particular, is vulnerable with projectegbrsening food security, increased
threats to public health, increased stress on crfeater resources and a general
increase in extreme weather events. Political camenit regarding the development
of effective mitigation and adaptation strategieeds to be complemented by a
more comprehensive understanding of the effectglioiate change. However,
comparatively little is known about the projectéfiets of climate change for Africa
at the local scale. We present data sets of clitlad@ge projections downscaled to a
resolution of 0.5° over the African continent, afata sets downscaled further to an
8 km grid size for areas covering selected urbarires in Africa. These data sets
constitute a novel and unique resource for reseaid describe a set of web
services that provide access to aggregations ettesl key climate-change variables
derived from these data sets. Furthermore, we gepwmincorporate these resources
in a scientific workflows platform, EO4VisTrails. @VisTrails augments the
functionality of existing scientific workflow systes by utilizing distributed
computing resources and providing interfaces, sesviand analytical tools for
working with geospatio-temporal data. EO4Vistratsables an accelerated pace of
research by facilitating rapid experimentation, y@mmance management and
parameter exploration.

Keywords: Climate change, environmental sustainabilityestific workflows.

1. Introduction

Climate change poses a major threat to environrhenttainability and socio-economic
development. In Africa in particular, factors suat extreme poverty, lack of access to
resources, especially natural resources such asr vaatl food, exacerbate already dire
socio-economic and environmental conditions. Thassumstances are compounded by
fragile economies, rapid growth of population, amebk governmental structures. In many
urban areas the rates of economic growth and infictsire development have lagged
urbanization rates, resulting in increasing levaipoverty and worsened impacts on the
environment.

There has been strong African political commitmentaddressing the challenge of
climate change through various inter-governmengalirhs, for example, by the African
Partnership Forum (APF) and NEPAD, the New Partnpror Africa's Development [30].
Numerous global efforts are aimed at the provissénnformation pertinent to climate-
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change mitigation and adaptation to policy maké&samples of these are the Global
Climate Observing System (GCOS) Implementation Rdarthe Global Observing System

for Climate, updated in 2010 [1], and the 10-yeamgpamme entitled, 'Climate Information

for Development Needs: an Action Plan for Afric2].[ The most prominent global

initiative is the Intergovernmental Panel on ClimaChange (IPCC) that provides
assessment reports on impacts, adaptation, vultigraind mitigation of climate change at

sub-continental and regional scales [3]. These rtepare generally regarded as the
authoritative resource for global climate-changejguotions. Some examples of climate-
change data and information providers focused endgional level are:

» the National Center for Atmospheric Research (NCAR$ Initiative that serves
global Climate Change System Model (CCSM) projetias well as statistically
downscaled projections and derived data producteegfmeteorological variables
for the contiguous United States [4]; and

» the UK Climate Projections Report (UKCPQ9) provglitlimate change projections
on a range of climate-change variables at a 25 kdhfgr three emission scenarios
[5].

In South Africa, regional projections of futurenchte change are disseminated through
the South African Risk and Vulnerability Atlas (SXR) [6]. However, while most reports
find Africa to be particularly vulnerable to thefexfts of climate change, its real impact at
the local scale is still poorly understood [7].

Generally, the types of information available la¢de providers are observed climate
data, typically 28 and 21" century historical information about key variab{esmperature,
precipitation, sea-surface temperatures and sed)leglimate change projections (for
variables such as temperature, precipitation, @@sgure, cloud cover and humidity), and
marine and coastal projections (sea level risepsBurge frequencies, sea-surface and sub-
surface temperature, salinity and currents). Thlasa sources underpin numerous advances
in knowledge about the growing threat of, and maiiign and adaptation strategies for
climate change. However, merely improved and abkilalimate change data does not
automatically lead to a better understanding afireihational, regional or local changes in
the environment. Environmental processes are higiaymplex by nature; a scientific
workflows environment can help to improve underdiag of these processes and to derive
adaptation and mitigation strategies by integrattngwledge, climate change data and
cyber-infrastructure.

We describe the aims and objectives of this rebeiarthe following section, followed
by the methodology for generating downscaled deta im Section 3. The generated data
sets are discussed in Section 4. A number of d&énreducts aggregating results for key
climate-change variables are generated from thatesits; these are presented in Section
4.1. In Section 5, a scientific workflows platforBQ4VisTrails, is presented. EO4Vistrails
augments the functionality of VisTrails (an opemsse scientific workflow and
provenance management system developed at the rSityveof Utah [8][9]) by
incorporating services and interfaces for accessim@cessing and analysing earth
observation data and derived products, as welloasponents that facilitate distributed
computing. Section 5 also presents some examplessc@ntific exploration and
visualisation of climate change data in EO4Vis®ailn the concluding section, we
consider possible extensions to EO4VisTrails amditiclusion of access to other climate
change data resources for the purpose of research.

2. Objectives

There is a notable lack of research output on ¢éngchange issues pertinent specifically to
urban centres in Africa. One reason is the lacklaith at appropriate resolution — a key
requirement for effectively addressing the threatcthmate change to environmental
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sustainability. Another reason is that researcharmote from the generated data sets find it
difficult to access appropriate computing infrastame and analytical tools. This situation
represents a real and sometimes insurmountabledimpat to exploring and analysing
climate change data. Moreover, climate change sitis are often large which limit their
transfer to sites with weak connectivity.

The objectives of this research are twofold:

* to generate and provide climate change projectata dets at resolutions of 0.5°
(about 60 to 80 km) for the African continent, atd.1° (about 8 km) for selected
urban centers in Africa. These projections inclatleEssential Climate Variables
(ECV) as described for GCOS [1]

» to implement an ICT environment, a data exploratigber-workbench, that can be
used by researchers to manage and compose sciemtifkflows for the spatio-
temporal domain and that are optimized to handhigheabservation data. These
scientific workflows represent connected and pataermsed processes that can
access data sets, utilise high performance congputifrastructure and apply
analytical tools.

The aim is to provide an environment that enablesremrapid exploration of the
environmental, social and economic impacts andsradkclimate-change-induced hazards
likely to affect urban areas. Such hazards inclfideds, sea-level rise, droughts, heat
waves, desertification, storms, vegetation firewal as epidemics and pandemics.

3. Methodology

The generation of the climate-change projectiora datsented here, also constitutes a
contribution to a project entitled “Climate Changed Urban Vulnerability in Africa”
(CLUVA), co-funded by the European Commission undlkee Seventh Framework
Programme call on Environment (including climatamge) [10]. This work involves the
downscaling of an ensemble of six global projediohfuture climate change, as obtained
from coupled global climate models (CGCMs) thattdbated to the IPCC Assessment
Report 4 (AR4), to a higher resolution of about 6080 km over the entire African
continent [34]. A dynamic regional climate model ised for this purpose. The
downscalings are performed for the period 1961-2T06Gough the process of multiple
nudging, these projections are downscaled further tesolution of about 8 km over areas
of interest that include the cities selected ag sasdies in CLUVA. These cities are Addis
Ababa (Ethiopia), Dar es Salaam (Tanzania), Ouaggmo (Burkina Faso), St Louis
(Senegal) and Douala (Cameroon). That is, an erlsewibsix very high resolution
simulations is constructed for areas surroundihthal CLUVA areas of interest.

Through the collaboration between the Euro-Medhiggan Center for Climate Change
(CMCC) in ltaly and the Council for Scientific ariddustrial Research (CSIR) in South
Africa, a multi-model ensemble of eight high-resmn simulations of climate and climate
change are derived (two at CMCC and six at the ¢SIRat is, a multi-model ensemble of
simulations of present-day and future climate iailable for each of the cities. The data
sets produced, will be most useful to describe rdregge of uncertainty associated with
future climate for each of the cities.

The model simulations of present-day climate aw®fied against observations and an
associated model inter-comparison study are peddrifome impact studies over urban
areas require plausible scenarios of future clinzteltra-high spatial resolution of one
kilometer or less. For this purpose the regionahacios will be downscaled further to 1-2
km resolution by CMCC, using specific and accusdggistical techniques, such as a novel
spectral-based stochastic downscaling techniquea-tligh resolution projections are to be
performed over one or two of the cities under abmsition by the CSIR, through the
dynamic downscaling of the 8 km resolution simwias.
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3.1 Experimental Design

The conformal-cubic atmospheric model (CCAM) of @emmonwealth Scientific and
Industrial Research Organisation (CSIRO) is usegaidorm the dynamic downscalings.
CCAM is a variable-resolution atmospheric globaicgiation model. When applied in
stretched-grid mode, it effectively functions asegional climate model. The model is
highly suitable for the purpose of regional climaw@delling, due to its computational
efficiency and variable-resolution formulation tredlows great flexibility in downscaling
CGCM data, through the application of a multipledgimg technique [11]. The model's
ability to simulate the present-day characteristit&frican climate has been investigated
over Africa [12, 34] and for various other climatgical regions (e.g.[13], [14]).

A four-phase multiple downscaling strategy isdoled to obtain 200 km, 60-80 km and
8 km and eventually, 1 km resolution simulationteTirst phase in the downscaling
procedure requires that the model be forced with dba-surface temperature (SST) and
sea-ice output of a number of different CGCMs usedR4 of the IPCC, for the period
1961-2100. All the projections performed at the € &re for the A2 emission scenario of
the Special Report on Emission Scenarios (SRES).niitiple-nudging strategy followed
first involves the integration of CCAM globally gtiasi-uniform C48 resolution (about 200
km in the horizontal as shown in Figure 1), forcthg model with the SSTs and sea-ice of
each host model, and with GQulphate and ozone forcing consistent with thesééhario.

m
T

Figure 1: Quasi-uniform C48 CCAM grid with a horizontal resolution of about 200km

In a second phase of the downscaling, the modgltegrated in stretched-grid mode
over Africa (Figure 2), with the modestly-stretchgritl providing a resolution of about 50
km to 80 km over Africa. The higher resolution slations are nudged within the quasi-
uniform C48 simulations, through the applicationaddigital filter using a 4000 km length
scale. The filter was applied at six-hourly intdsvand from 900 hPa upwards. These first
two phases of the downscaling procedure have beepleted. Model output for the 200
km resolution ensemble members is available ahsuly intervals, whilst output for the
60 km to 80 km resolution simulations is availagdaourly intervals for selected variables.
Subsequent downscaling to 8 km and eventually Ydgulution is to be performed.
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Figure 2: Sretched high-resolution conformal-cubic-grid, horizontal resolution of about 60-80km over Africa

4. Mode Output Satistics and Dissemination

The available computing power at the CSIR has atbwhe completion of six high-
resolution (60 km to 80 km horizontally) simulatoorver the African continent. The
simulations cover the period 1961-2100. Analysithee simulations and their subsequent
downscaling to very high spatial resolution (8 kower the CLUVA areas of interest are
currently in progress. Figure 3 shows the modejeptmns of the annual change in rainfall
totals over a part of East Africa (including ther2a Salaam region), for the period 2071-
2100 versus the base-line period 1961-1990. Theessemble members project a robust
pattern of rainfall increases over this region. éNdhat the projections are available
continuously for any time-slab within the period6192100.
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Figure 3: Sx CCAM projections of changing annual rainfall patterns (expressed as a % change) over a part
of East Africa (resolution about 60 km), for the period 2071 -2011 vs 1961-1990.

The coupled models for which downscalings areemesl in Figure 3, are as follows.
CCAM-CSIRO mk3.5: Version 3.5 of the Coupled GloGamate Model (CGCM)
by the Commonwealth Scientific and Industrial Reslea
Organisation in Australia (CSIRO) [11]
CCAM-UKHADcm3: The third version of the United Kjdom’s Met Office
Hadley Centre Coupled Ocean-Atmosphere Global Géma
Model [40]
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CCAM-GFDLcm2.0 and CCAM-GFDLcm2.1: Versions 2.@&h1 of the Coupled
Global Climate Model of the Geophysical Fluid Dyriesn
Laboratory (GFDL) of the National Oceanic and Atipiosric
Administration in USA [41]

CCAM-ECHAMS: The fifth generation climate modehdtoped by the Max
Planck Institute in Germany [39]

CCAM-MIROmr: The MIROC3.2-medres Model for Intesdiplinary Research on
Climate 3.2, medium resolution version, of the Jesa Agency
for Marine-Earth Science and Technology [42]

Dynamic climate models typically output a wide ganof meteorological variables
throughout the troposphere and into the lower cd@dtere. In addition to the
meteorological variables, simulations are also greréd for land-surface variables (e.g.
soil moisture) that influence atmospheric proces$ke three-dimensional spatial structure
of meteorological data, in combination with theigmporal resolution of the data sets,
lead to these data sets being very large — inridher @f tens of terabytes.

The model projections were conducted on the CS{Rstre for High Performance
Computer (CHPC). Utilising 36 processor cluster8@ GHz each, the total simulations
required 3 months of computing time to produceci@plete variable set for the ensemble.
The data set in its original form was about 80 mBize. These downscalings represent the
state-of-the-art in the application of a dynamionelte model, to obtain projections of
future climate change. The CSIR has now commengatttiae downscaling of the CGCMs
for the Coordinated Regional Downscaling Experim{@®RDEX), an experiment through
which the new set of CGCMs of Assessment RepoARD| of the IPCC are downscaled
to a number of areas — including the African ccenin

4.1 Dissemination

Most climate variables required for climate-changepact studies and application
modelling are ones that describe the state ofdhen troposphere. Such variables include
rainfall, minimum and maximum temperature, windegperelative humidity, evaporation,
soil moisture and run-off. Storing the surface &hleés requires significantly less space than
archiving the full three-dimensional data sets. Erample, a single projection for the
African continent at a horizontal resolution of @é&grees (about 60 km) and with about 20
levels in the vertical, saving output at 12-hourtervals (1-hourly interval for the surface
variables), requires about 2 TB of storage spatwirt§ only the key surface variables as
output reduces the size of the data set to abduGE)

Output from the CCAM model is in the form of NetERles. The data available on the
model’s conformal cubic grid (Figure 2) and in g&thed-mode the grid resolution, varies
between 60 km and 80 km. What was needed for aféedissemination of this data was
that the output be on a grid of a popular projectibhis is necessary to allow easy display
and analysis using common GIS and display packagesversion from CCAM native
projection to uniform grid resolution was achievédrough a CSIRO developed
interpolation routine. This routine enables theeipblation of data from the conformal-
cubic grid to a regular latitude-longitude grid fory sub-domain of choice on the globe.

An extensive communications infrastructure is seaey for the dissemination of full
data sets; this is infeasible for most cases incAfrMoreover, while access can be
provided, the use of such resources may be impeddtiinterest is limited to only a few
key variables. A host of web services have thus lodeseloped to provide access to derived
and aggregated climate-change data sets. Thelimit@s is on providing a visual
representation of data projected over time (Web Ngpvice images), and data sets
downloadable in NetCDF, ASCIl and Microsttt Excel formats. Several key variables
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such as wind speed, sea surface temperature, najpetature and 'Very Hot Days' (i.e.,
maximum temperature exceeding 35° C) were selgot@iot these services and to solicit
feedback from potential users on the usefulneste®fuser interface and data fornats
These variables were prepared on a uniform grigl 8f(~60 km) on the domain 20N; -20S
and -20W; 60E, and were aggregated to a monthlyageeof minima and maxima. This
reduced file size dramatically, with data set dea single variable of monthly average
being ~28 KB. Thus CCAM outputs a value at the ehelach model day. These values (31
in, for example, the month of January) are therrayed over the month of concern. This
was performed for each variable over the total Miogeperiod of 1961-2100. A similar
approach is to be used for each ensemble member.

We deployed an OPeNDAP (Open Source Project fotwbhk Data Access
Protocol) [32] service (PyDAP [33]) to provide tNetCDF data to data access clients over
the Internet. The OGC Web Map Service with tempargiension (WMS-Time), was
deployed to render map images from spatially refezd data.

5. EOA4VisTrails

Scientific workflows are becoming established @schnology for facilitating complex and
distributed computational processes and are use@dince the rate of scientific
endeavour [15]. Scientific workflows and workflomwronments are used as means for
modelling and enacting scientific experiments. Tlapn be used to formalise the ad-hoc
steps scientists follow for deriving publishablesukss from raw data. They enable
experimentation, the exploration of ideas and pctidn of scientific outputs that utilise
timely, adequate resolution, validated data inadpcible and shareable ways [16].

We know of at least 25 different implementatiorfssoientific workflows, most of
which are focussed on specific application domaunsh as bioinformatics [17]. These
implementations offer different functions and wdoki paradigms to users. Most current
technologies aim to provide a robust environmemt rfanaging access to large scale
distributed high performance computing environmertdisparate and distributed data
sources and processing steps. Some of these emédmnds also attempt to implement
knowledge management (acquisition, publication strating) technologies.

We surveyed some of the most popular scientifidkflamw systems [17] for their ability
to integrate earth observation and climate chamde with distributed computing resources
and analytical tools. Some of the platforms considewere Kepler [18], Taverna [19],
Triana [20], Pegasus [21] and VisTrails [22]. Thigetia for evaluating these environments
included the efficacy of the user interface, apitd utilize web-based resources, support
for access to spatial and scientific data procgséioraries, provenance management,
extensibility, open source nature and interopeitghilith external applications.

The VisTrails platform fulfilled most of these t&ia, and was selected as scientific
workflows platform. Initially designed for use arapplication in the medical domain,
VisTralls is an open-source scientific workflowss®m that supports data exploration and
visualization.

EOA4VisTrails extends the VisTrails platform withnttionality aimed at the spatio-
temporal domain and optimized to handle earth oasien data. EO4VisTrails includes
functionality for access to OGC [24] standards clambp web services, interfaces to
geographic information systems components from QumarGIS [25], database extensions
such as PostGIS [26], numerical analysis tools siscthe NetworkX library [27], statistical
programs such as R [28] and PySAL [29]. EO4Vistraiso has the capability to leverage
distributed and high performance computing envirents through simple parallelization
and support for the composition of large numberpastllel computations. Figure 4 shows

1 Apilot test site to these services has beenset http://146.64.28.151/
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the VisTrails interface and some of the modules lemgnted in EOA4VisTrails,
respectively.

VisTrails Bupder - untitled.vt* E mModules [\_._ ()
BOW e € [ A2, ) a by -
New Open Save Undo Execute [ Pipeline| History Query Select
untitled.vt* * datgGRT £

Methods E3] ransLonmn

QgsLayerwriter
Raster Layer
Rasterimpork
Temporal Vector Layer
Vector Layer

: ' ¥ ogc

Set Methods = sSOS

(m]m] »
connected_components WCs
= WFS

wWPS
¥ networkx
Graph
connected_components
¥ postGls
Basic Returning Query

Figure 4 Left: The VisTrails interface showing the workflow canvas and mathods selector; Right: Modulesin
the EO4Vistrails package

The basic unit of workflow composition is a Visilsamodule; modules can have a set
of input ports and output ports. These ports pr@vabnnectivity to other VisTrails
modules. Linked modules form an execution sequeoaked a workflow. Input ports
parametrise a module and can either take a vatume fine output port of another VisTrails
module or may be set to a constant value. Devetog@ecialise the basic Vistrails module
to provide various additional modules with specpiocessing capabilities. All ports are
typed and only input ports and output ports ofsame type may be connected.

5.1 Climate change scientific workflows

A climate change scientific workflow example in B@gTrails is shown in Figure 5. In
this instance, an EO4Vistrails module define treaaf interest (Cameroon), accesses data
through the PyDAP module and provides extracted ttathe data cube function. From this
point, two processes execute, possibly at diseidbutomputing nodes. The left branch
computes a standard histogram for the data (paesused in some way), composes a
graphic image and renders this in one of the vizabn cells of EO4Vistrails. The other
branch effectively computes the mean and presenits the array and the mean, using a
QGIS function, in another visualization cell. Tm®rkflow can have several parameters
which allow for the exploration of various scenarié-or example, results for a different
area can be obtained by merely executing the waskflith different parameters for the
AreaOfinterestDefiner module. This parameterisati®eran example of the capabilities
provided by EO4VisTrails.
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Figure 5: Example of a climate change data processing workflow

6. Summary

The climate-change data integration in cyber inftacture research we have performed so
far highlights several points. We elaborate the tnmaportant ones here, and shall provide
more detailed discussions in further publications.

The VisTrails package is implemented as ‘standgleoftware and can be downloaded
and easily installed on conventional personal caemsystems with Microsoff Windows
and some distributions of Linux operating syster@p The development of scientific
workflows in VisTrails is guided by extensive usand example documentation, also
available online. EO4VisTrails module code is aaalé online [23] and can be
incorporated into the standard VisTrails instatlati requiring minimal IT background.
Presently, EO4VisTrails is being tested and vadidawith the intent to release an open,
operational and installable version towards thea™D12. This version will be maintained
at least for the duration of an EU FP7 funded mtojentil March 2014 with further support
primarily dependent on funding.

Good communications bandwidth is required whenessing Web-based services,
remote data or when deploying processes to renastguting processors. Data files can,
of course, also be accessed at the local installaif VisTrails. For practicable download
times, data files of approximately 10MB have beenwd from the initial climate data
sets, for selected variables and for different tsnales

VisTrails is well used among researchers in Emmental Science, Quantum
Mechanics and the biomedical domain. One of thenmeasons for choosing an open
source code base, is to rally a community of ptiackers around both the development, use
and extension of this platform to other domainse HO4VisTrails web site will serve as a
contact interface for these purposes and for ussdlfack. In its present implementation,
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EOA4Vistrails is useful for researchers wishingxplere and analyse local-scale impacts of
climate change in Africa. However, this platformshgenerally applicability for enabling
access to high-end computing and data resourcesmill effort is required to incorporate
data sets for other application domains. Some rewamdations are thus for other
developers to contribute to the development ancknskbdn of this platform to other
domains, and for researchers to explore this piatfand to provide feedback on its
usefulness as a tool that can promote collaboratmeshared research among African and
European researchers.

We have achieved the stated objectives as follows.

» Climate change projection data sets at resolutidh® have been produced for the
entire African continent and we are currently gatiag data sets at 0.1° as well.
The initial ‘unprocessed’ data files are approxiehaB0 terabyte in size and smaller
files for some selected variables (e.g, air tempeea humidity, precipitation), for
each model of the ensemble. These data sets aenttyrmade available through
various Web service interfaces to allow for optinaacessibility. A web site
currently under development will also provide ftgcaess to these files at
ftp://ict4eo.meraka.csir.co.za/CLUVA his URL will become accessible externally
once security concerns have been addressed. Alislatcessible free of charge.

» The EO4VisTrails platform has been developed andatle base is freely available
at http://code.google.com/p/eo4vistrail¥he software currently includes several
freeware geographic information processing toalg. (€0stGIS and Quantum GIS),
and analytical tools such as the statistical pagkgnd Octave, the latter being a
freeware equivalent of Matl&bh [35, 36, 37, 38]

Since the climate-change unprocessed data sunte gpveral terabytes, broadband
access is required to download this data. Cle#nly efficient use and analysis of climate-
change data require powerful analytical tools amoldgconnectivity at the end user side, or
considerable pre-processing capability on the pievside. We tackled both sides by (1)
extending a scientific workflow and provenance ngamaent system with particular earth
observation data handling capabilities at the es®l-uside, enabling the research
community to integrate climate change data withegyhfrastructures and giving full
control to the researcher; and (2) by deployingialmer of web services with standardized
interfaces on the server side that include a nurabere-processing steps and allows end
users to obtain a number of key variables in vari@presentation formats, such as maps or
tables. We intend to deploy the web services ojeralty once they have been tested and
validated fully. These services will be supplemdnbyy more components that provide
richer functionality and easy access for reseaschdio wish to study the impacts of
climate change on Africa at a more detailed sdade tvhat was hitherto possible.
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