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Abstract.

In this paper we present the Oceanographic Multipurposev@oé EnvironmentQMUSE OMUSE
aims to provide a homogeneous environment for existing whynéeveloped numerical ocean simu-
lation codes, simplifying their use and deployment. In thég, numerical experiments that combine
ocean models representing different physics or spanniifgreint ranges of physical scales can be
easily designed. Rapid development of simulation modetsade possible through the creation of
simple high-level scripts. The low-level core of the abstian in OMUSES designed to deploy these
simulations ef ciently on heterogeneous high performaocgmputing resources. Cross-veri cation
of simulation models with different codes and numericalhods is facilitated by the uni ed inter-
face thatOMUSHprovides. Reproducibility in numerical experiments istéwed by allowing com-
plex numerical experiments to be expressed in portablptsdfat conform to a commo@MUSE
interface. Here, we present the designG¥lUSEas well as the modules and model components
currently included, which range from a simple conceptualsipgeostrophic solver to the global cir-
culation modePOR The uniform access to the codes' simulation state and ttemsixe automation
of data transfer and conversion operations aids the impitatien of model couplings. We discuss
the types of couplings that can be implemented u€iMjJSEWe also present example applications,
that demonstrate the straightforward model initialisatiod the concurrent use of data analysis tools
on a running model. We give examples of multi-scale and aplitisics simulations by embedding a
regional ocean model into a global ocean model, and in cogplisurface wave propagation model
with a coastal circulation model.
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1 Introduction

Numerical models of the global open ocean have now reacheatarenstate. Models such as the
MIT Global Circulation Model ITgcm), the Modular Ocean ModeMOW) the Max Planck Insti-
tute Ocean ModelNIPION), the Parallel Ocean Prograf@@P and Nucleus for European Modeling
of the OceanNEM@are widely used in the community. These models can be us#teascean
components in coupled global climate models such as tho#ieeiCoupled Model Intercompar-
ison Project. Such simulations, with horizontal resolutions as ne ask®s focus on projected
forecasts of future climate change (IPCC, 2013). The maalelsalso used in an ocean-only model
con guration (Maltrud et al., 2010) at even higher resajus (down to about 10 km) to adequately
resolve western boundary currents, such as the Gulf Stite@gulhas Current and Kuroshio, and
to explicitly represent meso-scale eddies.

At the coastal zone, very different models are requiredpriparating, for example, tides, river
run-off, sediment transport and wave dynamics (e.g. Zgle2010). In many cases, unstructured
mesh models are used (Danilov, 2013; Leuttich and Weste2®4) in order to provide an accurate
representation (Candy et al., 2014) of complex and irregidanain bounds that strongly in uence
local ows. An additional challenge in regional models, BuessADCIRC and SWANis that they
are not bounded entirely by a coastline and typically contdileast one boundary open to the
global ocean. These open ocean boundaries are usuallyelddoglirestoring them to observations
(climatology or transient over a speci ¢ period in the past)

In order to evaluate the human-scale impacts of climate gdafor example the effect of sea
level rise on coastal erosion (Cazenave, 2004), both the opean and coastal zone need to be
jointly considered. Increasing temperatures and the asimgwind eld can give rise to changes
in ocean currents, which in-turn cause dynamical changeganlevel (Brunnabend et al., 2014).
These conditions will affect the wave climate and may leadhianges in erosion at sandy coasts.
To tackle such problems one could proceed by developinggdesaode to incorporate both regimes
(a monolithic approach), or one can try to nest an existiggreal model into a global ocean model
(using a tool likeAGRIF? to take care of the transport of data between grids). Thensixie of this
idea to different codes and to different components of ESytstem and climate models suggests a
modular approach (e.g. Valcke et al. (2012)) where one dpgein ef cient way to couple different
(e.g., open and coastal, but potentially more than two) nsadgether.

In this paper, we follow the latter approach, borrowing friwheas in the astrophysical commu-
nity. In simulations of the formation of stars and galaxesyide variety of codes need to be com-
bined. For example, hydrodynamic codes (describing itelas gas dynamics) are coupled with
N-body codes (for the gravitational dynamics of stars) aratg@sses on different scales, ranging

from planetary to galactic, compete to determine the eiaiubf the coupled system. Given the

Lhttp://pecmdi-cmip.linl.gov
2Adaptive Grid Re nement In Fortrarttp://www-ljk.imag.fr/MOISE/AGRIF/
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need to correctly capture the interactions of the procemgm®sented in the different codes, the
community has come up with a Python framewdi(AMUS[Eallowing easy interaction of different
codes (Portegies Zwart et al., 2013; Pelupessy et al., 2013)

In oceanography similar problems for multi-scale and rifiysics are encountered, and a num-
ber of coupling frameworks exists in the Earth System modetiommunity (e.g. Hill et al., 2004;
Buis et al., 2006; Gregersen et al., 2007; Jacob et al., 20850n, 2005; Peckham et al., 2013;
Valcke, 2013), These can be roughly divided into (Valcke et2912)integratedand coupling li-
brary approaches. In the integrated approach, the functionatityided by the component codes
(e.g. by subroutines of the code) is separated out and jairteda new coupled model in a sin-
gle executable. In the library approach the original cotlesniselves are adapted to communicate
with each other using an Application Programming Interfg&lel) made available by the coupling
library.

The AMUSBpackage provides a useful alternative since it takes theapp of integrating differ-
ent codes in a high-level programming language (Pythomgyshysically motivated programming
interfaces to communicate with separately running ingaraf the simulation codes. This has the
bene t of the parallelism and exibility provided by a coupy library approach, and the bene t
of abstracting much of the bookkeeping inherent to code laogg using modern high-level con-
structs. In this way quite complex simulations can be dbscrin compact scripts, that can be easily
understood and easily distributed.

The aim of this paper is to prese@BMUSEa framework which adapts tEMUSEapproach for
use in the Earth System modeling community, with an initbaius on oceanography. In section 2,
the design and architecture MUSHs presented, with a particular focus on data structures, un
conversion and grid remapping. The initial set of codeslidetl is presented in section 3. In section
4 we discuss the code coupling features of @dUSHEramework with particular emphasis on a
guasi-geostrophic model as a conceptual test case. lrosdstive present simple applications of
OMUSEshowing its capabilities. A summary and discussion of theselts concludes the paper
(section 6).

2 Design and Architecture

As inherited fromAMUSEthe basic idea dDMUSEs the abstraction of the functionality of simula-
tion codesthe community code basiato physically motivated interfaces that hide their coexjty

and numerical implementatio@MUSHprovides the user optimized building blocks that can be com-
bined to design numerical experiments. The requiremerfi@high-level glue language is not so
much performance, but one of algorithmic exibility and easf programming. Hence, a modern
interpreted scripting language with object-orienteddess, in our case Python (van Rossum, 1995),

Sframeworkas used here refers to an ensemble of tools, applicationgmoging interfaces and libraries which together
can be used to construct new applications, in our case scisimulations.
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is the natural choice. Furthermore, Python has a large mskdeveloper base in scienti c comput-
ing, and many libraries are available. Amongst these araris for numerical computations, data
analysis and visualization, which can be used ilOANUSEcripts.

An OMUSEapplication consists, roughly speaking, ofiser script aninterface layerand the
community code bag®elupessy et al., 2013), as illustrated in Fig. 1. The usd@ptss constructed
by the user and de nes a numerical experiment by specifyleginitial data, the simulation codes
to be used and the interactions between the codes. It maydm@nalysis or plotting functions, in
addition to writing simulation data to le. The setup and aoemication with a community code
is handled by the framework in the interface layer, whichsists of a communication interface
with the community code as well as unit handling facilitieslaan object-oriented interface. The
interface layer also ensures the consistency of the irtterecwith the various simulation codes by
maintaining a state model for each.

Below we give an overview of the design and architectur®bfUSHKas inherited fromAMUSE
more details can be found in Pelupessy et al., 2013). The dexielopments compared wikMUSE
are, apart from the addition of oceanographic codes: ingm@nts in grid support, amongst these
support for curvilinear grids and extensive framework sarpfor grid remappings and grid gener-
ation routines. In addition, a number of domain speci ¢ arand utility libraries and support for

various le formats, such as NetCDF (Rew and Davis, 1990poythave been added.
2.1 Remote function interface

The interface to a community code is provided by a set of fonst each communicating with the
code through a remote function protocol. Currently the giefanplementation inOMUSE this
remote function protocol is based on the Message Passiagdoé (MPI). A community code is
started by the instantiation of an interface object (Fig.t@nsparent to this. Python provides the
possibility of linking Fortran or C/C++ codes directly, hever we found that a remote protocol pro-
vides two important bene ts. First, it provides for build-parallelism (this parallelism is exploited
in the current setup for running the codes, although the tdatsport between codes is not yet fully
parallel, see section 6). The choice for a parallel interfaeans that it becomes possible to run
and communicate with parallel running instances of diffiermdes. In addition, a lot of existing
simulation codes cannot handle multiple simultaneousimtsts of the same code. They may, for
example, use global variables or assume a single global &laing our approach, it is trivial to run
separate instances of the same code, even if compiled Vfignatit options (in addition to this, the
fact that codes are running as different processes prewellitions between incompatible libraries
when codes are built with different compilers).

Within the remote data communication channel, the MPI maltoan be replaced by a different
method, two of which are currently available: a channel Basesockets and one based on eStep

4http://estep.esciencecenter.nl
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Figure 1. Design of theOMUSEramework. This schematic representation shows the design of theaicgerf
to a community code (“code”) and the way it is accessed fromahdJSHEramework. The code has a thin
layer of interface functions in its native language (e.g. Fortran) whichnounicates through an MPI message
channel with the Python host process. On the Python side, the usdr($eig@USEimulation script”) makes
only generic calls to a high-level interface. This high-level interface ¢h#slow-level interface functions,
hiding details about units and the code implementation (the communicatiorgthtibe MPI channel does not
interfere with the code's own parallelization because the latter has its own\M®GRLD_COMM context).
Adapted from Pelupessy et al. (2013).

(1) 99=QG()

(2) 9gg=QG(debugger="gdb")

(3) pop=POP(number_of_workers=8)

(4) pop=POP(channel_type="distributed", hostname="Car tesius",
number_of_workers=600)

Figure 2. Examples of the instantiation of simulation codes witBiRMUSE(1) simple instantiation on a local
machine of th&QG (2) instantiation of a code inside a debugger, (3) local instantiation ofRinpdrallel code
(POB, (4) instantiation oPOPon a remote machine for a massively parallel high resolution run thrthegh
distributedchannel (see section 2.2).
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technology for distributed computing. At present, the stskchannel is mainly useful for cases
were a component process is started on the same machine asethgcript. As its name implies,
the sockets channel is based on standard TCP/IP socketdigthibuted channel is described in
section 2.2 below. When using the MPI channel, different MBRplementations can be used (e.g.
OpenMPI or MPICH), but not mixed (vendor implementations can also be useldpwdh these
sometimes do not fully conform to the standard).

The interface works as follows: when an instance of an inggbgimulation code is made, an
MPI process is spawned as a separate process somewhereNtPthauster environment. This
process consists of a simple event loop that waits for a gedsam the Python side. It will make
the requested simulation code subroutine calls on the lb&dise incoming message ID and any
additional data that may follow the initial MPI message, authsequently send the results back
(Portegies Zwart et al., 2013). Since there is no direct mgnaocess, the interfaces themselves
must be carefully designed to ensure all necessary infiomér a given physical domain can be
retrieved.

Note that the interface design allows the parallelism of i&tallel codes to be maintained even
when the communication channel uses MBMUSIEan be used to run massively parallel codes with
thousands of processes). This is guaranteed with the reeyarallelism mechanism in MPI-2. The
spawned processes share a standard MPI_WORLD_COMM conteixh ensures that an interface
can be build around an existing MPI code with minimal adaptafFig. 1). Other parallelization
paradigms, such as OpenfjRre also supported withMUSHn practice, for the implementation
of the interface to an MPI code, one has to take into accounitesiissues as for the stand-alone
MPI application. The socket and distributed channels aisommodate MPI parallel processes. The
choice between the different available channels dependeeonomputing resources needed for a
given run. For runs distributed over remote machines theillised channel may be required, while
locally on a cluster the MPI channel often provides the mp$intized communication path.

2.2 Distributed computing

Current computing resources available to researchers are diverse than simple workstations:

clusters, clouds, grids, desktop grids, supercomputatsrabile devices complement stand-alone
workstations, and in practice one may want to take advardgatigs ecosystem.

To run in such a "Jungle computing environment" (Seinstie.e2011) OMUSEIso implements

a communication channel based on eStep technology (Drakt 012). This channel starts a dae-
mon and connects with it, to communicate with remote workEhés daemon is aware of local and

remote resources and the middleware (e.g. SSH) over whighdbmmunicate. The daemon uses
the Xenon library to start the worker on a remote machineguieg the necessary authorization,
queueing or scheduling automatically. Beca@ddUSEontains large portions of C, C++, and For-

50pen Multi-Processing, a shared memory multiprocessing API
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(1) g = 1. | units.Sv

dt= 1. | units.day
(2) (g =dt).as_quantity_in(units.m *x 3)
(3) (g =dt).value_in(units.km *x 3)
(4) def Reynolds_number(vel, length, visc):

return vel  length / visc
(5) R = Reynolds_number( 0.1 | units.cm/units.s, 1000. | uni ts.km,
1.e-6 units.m  ** 2/units.s)

Figure 3. An illustration of the use of th& MUSHInit algebra module, with (1) de nition of a scalar quantity
using thej operator, (2) conversion of a quantity to different units, (3) conwersf quantity to oat, (4)+(5)

de nition of a function and its call using quantities.

tran, and requires a large number of libraries, it is not ed@utomatically, but it is assumed to
be installed on the remote machine. A binary-only releasebeagenerated for resources, such as
clouds, that employ virtualization. With these modi cat®) OMUSEs capable of starting remote
workers on any computer the user has access to, withoutagnieffort required from the user.
From the user point of view, to use the distributed resoymegOMUSEcript can be distributed by
simply adding properties to each worker instantiation m sbript, specifying the channel used, as
well as the name of the resource, and the number of nodegeedor this worker (see Fig. 2).

2.3 Unit conversion

In order to simplify the handling of units, a unit algebra ratais included iINOMUSEHEFig. 3). This
module wraps standard Python numeric types or Numpy arsagh, that the resulting quantities (i.e.
a numeric value together with a unit) can transparently feel @s numeric types (see the function
de nition example in gure 3). Even high-level algorithmkke e.g. ODE solvers, typically do not
need extensive modi cation to work witbMUSHEjuantities (and in many cases work without any
changes, if they are formulated in a dimensionally constsigy).

OMUSEnforcesthe use of units in the interfaces of the community codes. S|feei cation of
the unit dimensions of the interface functions is part ofittterface speci cation (much in the same
way as the data types of the functions). Using the unit-aivdesfaces, any data that is exchanged
within modules will be automatically converted without &dthal user input, or - if the units are not
commensurate - a code exception is generated. KeepingdfatiKerent systems of units and the
various conversion factors when using different codeskdyilsecomes tedious. Enforcing the use
of units therefore eliminates an important source of errors

2.4 Data model

The interfaces to the code send low-level data types (e.gtragy of oats) over the remote function

channel. While this is simple and closely matches the unigrl¢ or Fortran interface, one needs
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(1) grid=new_cartesian_grid((100,100))

(2) grid.ssh=0. units.m

(3) subgrid=grid[0:50,0:50]

(4) channel=QG.grid.new_channel_to( grid )
(5) channel.copy_attributes( ["psi"] )

(6) channel.transform( ['ssh"], lambda x:f0/g *X, ["psi'])

Figure 4. Example usage of the high-level grid data structure: (1) initialization ofhaptye Cartesian grid, (2)
de ning an attribute, here a scalar eld of sea surface height (3) sdlggeneration by indexing, (4) de nition

of an explicit channel from in-code storage to a grid in memory (5) tepdbgrid attributes over the channel,

-—

: :
[ )

(6) functional transform over a channel.

—]

)
)
)

—]

[ )

Figure 5. Hierarchy of grid data types in OMUSE. Arrows denote inheritance of tineesponding classes in
OMUSE

to duplicate much of the 'bookkeeping' (i.e. the organiaatof the arrays and their indexing) in the
user script if the low level data types are used directly.r&fure, in order to simplify working with
the codes, a data model is added to the interfaces based aorikuction of high-level objects
that store the data (Fig. 4). Two base data stores are aeaiRarticle sets and Grids. The main
difference between these are that Particle sets can bededelynamically and are unordered, while
Grids are xed when generated, ordered and can be multidsinaal. Typically, Grid data structures
are used to store the state in oceanographic simulatiorsc@@eticle sets can e.g. be used for the
storage of properties for lagrangian particle trackerse @lata stores can either reference memory
in the main Python memory space (for sets de ned indepenalfieaity code) or reference the data
in the (possibly distributed) memory space of the commuacitgte. Subsets can be de ned on the
sets without additional storage (see g. 4, these subsetsrglemented as views on the underlying
local or remote data) and new sets can be constructed usimiesoperations.
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2.4.1 Grid support

Compared t)AMUSEOMUSEXxpands the support of grid data structures by introducifigrent
grid data types. All types of grids share the same base fumaity, including grid sampling and
slicing, the creation of save points, and the creation ad gdpies that include part or all of the
grid attributes. The new grid types form a hierarchy ( g. Bfere each grid type has its own set
of (derived) grid attributes (such as cell sizes) and wtilitnctions (for basic operations, such as
checking overlap or the extent of a grid). The grid types suigal are: Cartesian (single, constant
cell size, same in each dimension), Regular (constantizell different per dimension), Rectilinear
(cell boundaries speci ed per dimension), Structurediécgbeci ed by a grid of corner points) and
Unstructured (cell corners are speci ed for each cell imlally).

2.4.2 Grid remappings

Grid remapping is a fundamental operation for coupled dénmaodels, where heat and water uxes
are periodically transferred between different compomeatiels, each using different grids inter-
nally. In many cases, these remappings must be performedénergy or mass conserving manner
to maintain the global conservation conditions of the cedplimate system. As sucOMUSEn-
terfaces withCDOfor their implementation of a second-order conservativeaigping scheme (see
section 3.2). However, different remapping backends camsbd withinOMUSE

OMUSEextendsAMUSEwith support for remapping quantities between differendg{AMUSE
included support only for copying data between two equivafgids). OMUSEllows the user to
instantiate grid remapping objects. The remapper is lizéd by setting the source and destination
grid and can be used to remap a list of grid attributes fromgitkto the other.

The use of such a remapping object is illustrated in Fig. Gnatas an example, the sea surface
height values from one ocean model are remapped to the gadather ocean model. Note that
it does not matter (for the syntax) whether the grid valusgeeinside the community code or in
Python memory. In this example both grids are stored in theaomg of the community code, and, if
needed, unit conversion of the values transferred betweembdels is automatically performed by
the interface of the receiving code, as explained in se@i8n

Support for remapping between unstructured grids, is ¢ichih theCDOlibrary. Conservative
interpolation of elds represented on unstructured meshrétizations (Farrell et al., 2009) is being
generalised in thebsupermesh library (libSupermesh, 2016) and could be utilised in thefe.

2.5 State model

The internal work ows of different codes are in general rfat same, even if they represent similar
physics. This can be due to the differences in the algorithmssmply because of design choices. For
example, a change in one of the grid variables may necessitainitialization of variables in one



(1) pop = POP(...)

(2) source pop.elements
(3) adcirc = Adcirc(...)

(4) target = adcirc.elements

(5) remapper = conservative_spherical_remapper(source,

(6) remapper.forward_mapping([‘ssh"])

target)

Figure 6. Example usage of the high-level grid remapping functionalitPMUSEIn this example, the grid

attributessh (for “sea surface height') is remapped from the source grid to thettgrgd, both stored inside

the community codes, using a second-order conservative remagghiergie (the default). Unit conversions are

performed automatically by the interface of the receiving community .code

|

START

|

INIT

|

EDIT
e
EVOLVED RUN

" J

<—>[UPDATE]

Figure 7. Example of a state model iIOMUSEThe diagram gives the states that a simulation code can

be in. Transitions between these can be triggered by explicit calls to thespording function (e.g.

initialize_code

from START to INIT) or implicitly (e.g. querying the grid state of a code nuaty be

possible in the RUN state, and in this case the framework will call the negdssations in order to get to the

RUN state, guaranteeing a consistent state of the simulation code in thegtadegapted from Pelupessy et al.

(2013).

10



code, while in another code this may not be needed. It is esagld the corresponding functions for
such reinitialization to the interface. The problem witstis that it introduces differences between
the interfaces, and is obviously error prone if controllgdtie user. In order to manage this, the
interfaces iINOMUSEan be supplied with a representation of the work ow of a colas is done
235 in the form of a graph consisting of model states as the extamd the transitions between them
as the edges. Model states each have a set of allowableaitgeiinction calls. Such an interface
call can trigger a transition between states (and for eaatsiion there is a respective interface
function). With thisstate modeDMUSKeeps track of the state of a, changing the state when needed
(and calling the corresponding interface methods). Thte steddel will change state automatically
240 if an operation is requested that is not allowed in the curstate. If the request can not be ful lled
an error is returned. The state model is exible: states aaadded and removed as required. Most
codes can be made to conform to a simple state model similaetsix state model shown in Fig. 7.

2.6 Object-oriented interfaces

The object-oriented, or high-level, interfaces are thememended way of interacting with the com-

245 munity codes. They consist of the low-level MPI interfaceatoode, with the unit handling, data
model and state model on top of this. At this level the intBoas with the code are uniform across
different codes and the details of the code are hidden as amipbssible. A lot of the bookkeeping
(such as the explicit indexing of arrays and unit conversisabsent in the high-level interface for-
mulation. This makes the high-level interface much easievdrk with and less prone to errors: the

250 user does not need to know what internal units the code iguaimd does not need to remember the
calling sequence nor the speci ¢ order of calls.

27 10

Community codes that are included ir@d1USHvill usually contain subroutines to read in and write
simulation data. While calls to these can be added to thefamerthis functionality is preferably

255 not used withirDMUSHnstead, all simulation data is to be written and read frathiwthe OMUSE
script (although in practice there can be reasons to relerotiginal functionality as part of the
interface, for example to use existing post-processingtsdr OMUSHENcludes a default output
format based on HDF&hat writes out all data pertaining to a data set, effegigghndardizing the
10 for all the codes included in the framework. In order togiifiy import and export of dataDMUSE

260 contains a framework for generic 1/O to and from differers formats. A number of common le
formats used in the oceanographic and climate modeling aomtynare implemented (ADCIRC
grid les, netCDF), as well as generic table format le reasle

Bhttp://www.hdfgroup.org
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2.8 Data analysis

After a simulation, the generated data needs to be anali?zion has good numerical and plotting
libraries available, such as Numpy and Matplotlib (Dubdiale 1996; Hunter, 2007), and thus data
analysis can be easily incorporated into @&IUSEvork ow. While the simulation codes are run-
ning their internal state (as exposed through the inteyfacaccessible. This provides opportunities
for ef cient online data analysis, and also monitoring (@sualizing) the state of a running simula-
tion. Based on the state of the model, the simulations canba@scripted beyond what is originally
implemented in the simulation code (examples of the latterexent-driven data output, or repeat
simulation / resampling according to prede ned conditjons

3 Component modules

In the present versiot@PMUSEontains an initial set of ocean models, nam@ig ADCIRC POP

and SWAN(ideally one would like te reach a 'Noah's arc' milestone rfégies Zwart et al. (2009),

of having at least two independent application codes peradtomrhe implementation iI@MUSBf

the code interfaces is described in this section. The madsisr different physics and / or a ranges
of validity. and allow for are a number of different couplshgetween them. They also represent
different levels of complexity in terms of code implemeidat numerical schemes and a variety of
discretizations (described below). In addition to the $atian codesOMUSElso contains support
codes, including for example th@DOpackage introduced above in section 2.4.2 which is used to

implement remapping schemes between different grids.
3.1 Simulation codes
3.1.1 QG

OMUSHEncludesQG a code to calculate the dynamics of quasi-geostrophicroc®a The ow on
a plane with Coriolis parametdr= fo+ gy is described by the barotropic stream function
of the depth-integrated current velocity= ( u;Vv), with zonal velocityu = @ =@wnd meridional
velocityv = @ =@xQGsolves the governing barotropic vorticity equation (BVE) f (Pedlosky,
1996),

@ 1 @ @

@x oH @x @y
where the Jacobiah, here representing the advection of relative vorticitglésned by
@F@G @FQG
@x@y @y@x

and =( *; Y) represents the wind strefGcan also solve for the rst baroclinic mode of a

@@{2 +J(;r2 )+ o Rur 2 +Ayr *; 1)

J(F;G) = 2

mode expansion of the continuously strati ed quasi-gexstic vorticity equation (Flierl, 1978).

12
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The parametersy andH are the reference ocean density and reference ocean degplectively.
Ry andAy are the bottom and lateral friction coef cient®Gsolves (1) on a rectangular domain
using a Cartesian grid. Boundary conditions consist of rgsnux and/or no tangential stress (see
for example Dijkstra and Katsman, 1997).

The QGcode is written in Fortran 90 and uses the Poisson solver frafishpack 7 or Intel
MK libraries (depending on compiler). Although conceptualiyple, QGprovides an instructive
case study for importing a code @MUSEwith its simple internal state and without the complica-
tions of coordinate transformations, and serves as a téenfolaother ocean models DMUSE

3.1.2 POP

The Parallel Ocean PrograR©QB is a parallel global circulation model for ocean ows thatves

the three-dimensional primitive equations for a strati et using the hydrostatic and Boussinesq
approximations (Smith et al., 201MOPis often used to calculate strongly eddying ocean circula-
tion models. However, resolving eddies on a scale that ceptihe instabilities that lead to ocean
eddies requires the use of a high-resolution grid. Such-tégblution runs are computationally ex-
pensive, andPOPIis also frequently used for simulations at lower resolwgian this case the effect
of eddies is captured using sub-grid parameterizationst(@sd McWilliams, 1990).

ThePOPgrid is a structured 2D grid in the horizontal dimensionsially in a dipolar or tripolar
con guration.POPrequires that the grid dimensions are set at compile timer&fbre, we currently
support two modes in whicROPcan be used through tteMUSEnterface. The high-resolution
mode assumes a grid size 00 240Q corresponding to a 0.Iresolution. The low-resolution
mode assumes grid dimension83@0 384horizontal grid points, corresponding to a 1r@solution
with tropical stretching. Vertically, the grid contains 4042 non-equidistant layers, increasing in
thickness from several meters near the surface to 250 mjegt@bove the lower boundary at 6000
meters.

OMUSEHnterfaces with a version d?OP(based on version 2.1) that contains several extensions
(van Werkhoven et al., 2014) This implementation includes a exible load-balancingneme and
optionally uses Graphics Processing Units (GPUSs) to aateleompute-intensive parts of the code.
Considering the fact that it takes at least 1000 simulatedsy® reach a near statistical equilibrium
state, it is common practice to rest®®Pfrom a spun-up solution. The so-called “restart le' and
other settings can be set through BMUSHEPython interface after the code has been instantiated
and reached the "START state (see Fig. 7).

As with all codes inOMUSEthe POPinterface employs a state machine that tracks the model
state and ensures consistency by automatically callingapipeopriate transition functions in the
low-level interface. To be able to set many of the con gusatoptions through the Python interface

Twww2.cisl.ucar.edu/
8software.intel.com/en-us/intel-mkl
Shttps://github.com/NLeSC/eSalsa-POP
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it was necessary to split several of the initialization noes$ in thePOPsource code. This was
required because these routines used to read their cortignifafom a namelist le and immediately

330 proceeded to initialize the model using that con gurati@fithin OMUSEthe model parameters are
set through the interface as part of the Python script.

As such, the namelist le is only used to provide the code wigfiault settings. After the settings
have been read from the namelist, the model halts and waitthéosettings that are speci c to
the experiment to be passed through the interface. When #rehas completed con guring the

335 experiment, the state machine will automatically call aestaansition function to complete the
model initialization and advance the model to a state fronickvithe user can interact with the
model data or begin evolving the model.

The POPinterface provides two different ways to supply the modehviorcings, such as wind
stress, surface heat ux, and surface freshwater ux. Th& method is by setting the location of

340 a le containing monthly averages of forcing data that wiltematically be interpolated in time by
the model. It is also possible to directly supply the modehviorcing data through the interface,
allowing POPto be coupled with, for example, an atmospheric model. Whegirfg data is supplied
through the interfacé? OPwill not use data from le for that type of forcing.

In the OMUSExamples repositoH), we have included an example Python script for setting up a

345 POPrun in high-resolution mode in a cluster environment. Ther gsript has to specify the location
of the cluster head node and provide the requested numbedetrand cores and time required for
the simulation. After that the user can instantiate therfate to create a running simulation and
interact with the model.

3.1.3 ADCIRC

350 The Advanced 3D Circulation modeADCIRQ solves the shallow water primitive equations on
a triangular unstructured mesh in either two or three dinoess Water surface elevations are
obtained by solving the vertically-integrated continigtyuation in the Generalized Wave Continuity
Equation (GWCE) formulation (Leuttich and Westerink, 2004)e momentum equations are either
solved in vertically integrated form (2D mode), or in 3D (§ppg the Boussinesq and hydrostatic

355 pressure approximations). In 3BPCIRCuses a generalized stretched vertical coordinate system
(Leuttich and Westerink, 2004).

The ADCIRCmesh is represented in tt@MUSEnterface as an unstructured grid of nodes and
elements (which can be accessed asties andelements attributes of arADCIRCinstance),
representing the nodes and triangular elements of the Igrithe case ofADCIRCall prognostic

360 variables (with the exception of the wet-dry status of eletseare de ned by a linedP; nite el-
ement Galerkin representation over the entire domain ritlestby coef cients associated to mesh
node positions. For example, in the simplest 2D case thestharwater level, its time derivative

10https://bitbucket.org/omuse/omuse-examples/

14



365

370

375

380

385

390

395

and the current velocities. The attributes of the elemenet¢hee nodes of each triangle, and its status
(indicating whether an element is dry or wet). In additionHis, the interface de nes forcings

grid, which accepts the (possibly time-dependent) forgilliepending on the parameters of the sim-
ulation these can be for example wind stresses, atmosptressure, tidal potential, wave stresses
etc. Boundaries are represented as sets of grids (one forsegment de ned) with a reference to
the nodes in the boundary segment, a type attribute (désgribe type of boundary) and any ex-
tra attributes necessary to specify the boundary condfgan the water level for a boundary with
prescribed elevations).

3.1.4 SWAN

In addition to the above models of hydrodynamical ocearutaton, OMUSHncludes an interface

to SWANSimulating WAves Nearshore), a code to calculate the gaiyen of wind-driven surface
waves (Zijlema, 2010, and references thereB\WANIses a statistical description of the space and
time varying wave properties, solving for the evolutionted faction densiti (x;t; ; ), de nedin
terms of the wave energy density spectrinasN = E= , whereN is a function of spacg, time

t, relative radian frequency and direction . The evolution of the action density is governed by the
action balance equation (e.g. Komen et al., 1994),

@N N @cN o
Gt leg+ uN]+ EER), (O - St

with ¢y the wave group velocity) the (depth averaged) current velocity, andc the propaga-

3

tion velocities in spectral and directional space, respelgt The source/sink terr8,,; represents
the physical processes which generate, dissipate or riedist wave energy. Amongst the@WAN
includes generation of waves by wind, non-linear transfevave energy (including three- and four-
wave interactions) and wave decay due to whitecappingpioftiction and wave breaking (see
SWAN, 2015, for more information).

SWANliscretizes Eq. (3) on rectilinear, curvilinear (struety or unstructured (triangular) grids
in one or two dimensions. THeMUSHEnterface toSSWANupports rectilinear and unstructured grids
(curvi-linear grids can be added). The type of grid, as weltre type of grid for the forcings are
determined when the code is instantiated. Depending ondleeted grid the interface de nes a
regular gridgrid or an unstructured grid withodes andelements attributes. These have an
attribute to access the action dendityof the grid. In addition to this, the bathymetry can be spedi
and a number of potentially time-varying forcing input&eliwater levels, water current velocities
and wind velocities can be used (again a separate grid isfos#te forcings).

To simplify the interface a few restrictions are placed anftircings. For example, all the forcings
in the interface use the same grid (wher8sgANupports different grids for different forcings). This
is not a limitation: withinOMUSEany regridding (if necessary because the sources of thafs
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use different grids) can be done on the framework level. thlmalculation grid and input grid are
unstructured, they are both assumed to use the same grid.

In case of stationary calculations, the interface still s anevolve_model , but it simply
calculates the stationary action density (for all inputet&h It can still make sense to evaluate this
in a time dependent fashion, as the input forcings (and tmeigquilibrium state) may change with

time.
3.2 Support modules

In addition to the simulation codes, support modules writtedifferent languages can be included
in OMUSESuch a support module may, for example, provide functignfdr coupling models. A
support module can be interfaced with the same remote fumatiterface as used for simulation
codes. Currently, the only support module speci QMUSEs CDOwhich is used for computing
grid remapping weights and performing the remapping of tjtias between different grids.

3.21 CDO

Climate Data Operators (CDO, 2015) is a command-line toe¢ldped and maintained by the Max
Planck Institute Hamburg containing over 400 operators ¢ha process and manipulate climate
data stored in self-describing le formats, such as netCDF.

An OMUSEnterface toCDOwas created to be able to access the grid remapping funtitjona
within CDO This library contains a reimplementation of the SCRIP paek (Jones, 1999), which
is used in other climate model couplers, such as OASIS (¥alzR13) (while other couplers such
as the Model Coupling Toolkit, Jacob et al. (2005), can user¢éimapping weights and addresses).
In particular, the second-order conservative remappihgree implemented in SCRIP is used to
compute remapping weights for conservative exchanges@flfeat and water) uxes at the ocean-
atmosphere interface.

A number of minor code modi cations were necessary to be &bleccess the functionality in
CDQeas a library rather than as a command line tool. The low-liexdetface inOMUSHas to ensure
that the internal state &DOis consistent even though the code is not running as a comfirend
tool. To do this, all grid information has to be propagatedectly to the different grid data storage
structures used internally DO In addition, the interface mimics some of the behavio€dfCto
produce the exact same results as when invoked from the codhlin@. These include ignoring any
land masks in the source and target grids and increasingithber of search bins in the computation
of remapping weights.

OMUSHmMplements a high-level object-oriented interface (chI®ORemappe) on top of the
low-level interface tadCDO This remapper can be initialized in three ways: (1) usingea@mputed
weights le as produced b DOrom the command line, containing all information aboutsberce
and destination grids, as well as the remapping weightsigR)g netCDF les for storing source
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Figure 8. Result of a remapping performed by t@®0Oremapper using th©OMUSEnterface. A sea surface
temperature eld is remapped froROPusing a0:1 tripole grid (on the left) to the elements of an unstructured
grid (on the right).

and destination grid information (as used®®Cand SCRIP) and (3) settim@MUSHrid data types
as source or destination grid. Modes (2) and (3) can be cadiifdesired), and for these modes
the remapping weights are computed automatically as thapper initializes.

When using the default second-order conservative remaggimgme, the implementation6DO
also computes the gradients of the source eld each time atiyas being remapped. Note that
the second-order conservative remapping scheme comedimwititions: the source grid has to be
a structured grid for the calculation of the gradients (eeefbr second order accuracy, for more
information see th€DCOdocumentation).

In gure 8 we show the result of a remapping performed by @@Oremapper using th@MUSE
interface. A sea surface temperature eld is remapped feR@®using a0:1 tripole grid to an un-
structured grid. The second-order conservative remapgihgme was used to compute the remap-
ping weights based on the grid information presented byotkSEnterfaces of both simulations.

3.3 Extending OMUSE

The effort required to import or interface an additional eedth OMUSHaries with the code com-
plexity and depending on whether a similar code alreadyt®xighin the framework (in this respect
the codes already included provide a good starting poimtprdler to be interfaced, a code needs to

be written in a programming language for which MPI or socketlimgs are available. The complete
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procedure (along with examples) is described in detail @dbcumentation section of the source
distribution and the project website; here we only brie ytlne the procedure.

To import a community code, one rst creates a directory ia @MUSEommunity code base
directory with the name of the module. The original sour@etis imported in a subdirectory
(by convention namedstc '). The top-level directory contains the Python side of theeiface
Cinterface.py "), the interface in the native language of the code (ergerface.c Yand a
le for the build system (Makefile ).

The Python interface (described in the ileterface.py ) typically de nes two classes: the
low-level and the high-level interfaces. The former caomsaihe function de nitions of the calls
which are redirected through the MPI communications chitone corresponding call de ned in
the native interface leigterface.c ). The high-level interface de nes the units of the argunsent
of the function calls (see section 2.3). In addition it specithe parameters of the code, the state
model (section 2.5) and the mapping of the object orient¢a t§aes to the corresponding low-level
calls. By default, the data of the simulation is maintainedhie community code's memory (and
accessed transparently as described in section 2.4).

For modern and modular codes, often no or little changesénotiginal source code base (in
‘src ') are needed. In other cases, a code may need signhi canteaade changes (e.g. to separate
the initialization stages and timestepping) or additiansitplement functionality that is required for
the OMUSEnterface (e.g. externally imposed boundary conditionrsgfids). In these cases more
effort is required to import the code and this will also matkmnore dif cult to update the interface
to a new version of the community code.

In our experience writing an interface to a new code, whido &hvolves writing tests, testing
and debugging the interface, represents a modest amounbrif W/hile every code is different
and has its own peculiarities, it is typically somethingttban be completed (by someone with
some familiarity with the source code) during a short wogkisit or small workshop. De ning an
interface for a new physical domain can take longer, as theed re nement over time.

4 Code couplings

In addition to providing a uni ed interface to various typescodes,OMUSHas the objective of
facilitating multi-physics simulations. For example, ameuld like to be able to couple a large-scale
ocean circulation code with a regional ocean model (cogpdicross different scales), or couple a
wave propagation model to an ocean ow model (coupling ofedént physics). WithirOMUSE
community codes can be combined into coupled models whigk héder applicability than the
original codes. The setup @MUSHllows for this in a transparent manner, such that the cauple
models have a similar interface as the individual models.
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The types of coupling thaDMUSEcan be applied to is large, and range from simple input -
output coupling to dynamic one-way coupling and to the dawelent of two-way coupled solvers
(see more examples Pelupessy et al. (203Y)USkBrovides the following features to facilitate the
building of coupled models: simpli ed, uniform access te ttode simulation state, uni ed interfaces
to the state of the simulation domain and its boundary cadit and extensive automation of data

transfer and conversion operations.
4.1 QG model coupling

Some care is needed in the design of the code interfacesuceghst couplings are as simple as pos-
sible. For example, the internal state of tR&simulation consists of the stream functioron two
time levels, these are represented as a grid object withwttispsi , dpsi_dt and positionx and

y. Itis more convenient to represent the two time levels agitaekward) time derivativdpsi_dt
because this representation is independent of the timg\steph can be different between codes).
The stream function (and its derivative) can also be queried at any positionguaiminterface func-
tionget_psi_state_at_point . This function performs an (averaging) sampling and presid
a grid independent way to query and communicate the physiatd. Another way to achieve this
would be to perform a copy using a remapping channel as destimn section 2.4.2.

In addition, QGhas two mechanisms to receive input from other codes: iutzttes the evolu-
tion of the stream function using an input wind stress eldhisTwind stress eld can be set by
changing the wind stress attributesi x andtau_y ontheforcings  grid. These can be copied
or remapped from another grid (read in from disk or generdigthmically by another code) or
by de ning a (time and or position depend) functional formo¢h an analytic wind model, for ex-
ample). Other possible inputs are the boundary conditiorend @ =@bn the domain boundary.
These consist of four grid objects (one for each cardin&atiion) of sizeN, 2, whereN, is the
number of grid points (in the corresponding dimension).ngshese boundary grids it is possible
to implement two different strategies to vary the resolutiver and/or the shape of the domain,

namely grid nesting and domain decomposition.
4.1.1 Nested grid re nement

Depending on the parameters, equation (1) allows solutigtts very narrow western boundary
currents. Numerically this presents a challenge as therestjresolution at this boundary may be
much higher than for the rest of the basin. This is a typicalagion where a nested solver (e.qg.
Debreu and Blayo, 2008) may ef ciently be employed. We caplament such a multi-grid coupled
solver withinOMUSHising the bas@Gas an underlying engine. The solution of (1) is obtained on
a base grid with a re ned region of higher resolution where two grids are solved by separate
instances of th@G
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(1) class QGmodelWithRefinements(QG):
def interpolate_grid(self, grid):

def add_refinement(self, offset, ..):

Yy def evolve_model(self):

def update_refined_regions(self):

(2) qg=QGmodelWithRefinement()
gg.add_refinement( offset=[0,0] | units.m, ...)

Figure 9. Schematic (left) and (abbreviated) de nition of the re n€@fGmodel class (right) with an example
(2) of its instantiation.

Practically speaking, the following re nement strategyaowed (Fig. 9). Given a parent domain
Lx Ly arened sub domain is de ned by its offset, extensign |, and resolution dx. The low
resolution region consists of the whole domhin Ly (including the re ned region). Th@Gis used
to solve for the owonLy L. A second instance of ti@Gis used to solve the ow equation (1)
on the high resolution subdomdin |, given appropriate boundary conditions. This high resofuti
solution is then resampled and copied back (restrictiomaijms) to correct the corresponding part
of the domain on the low resolution grid.

If the boundary of the high resolution domain coincides it boundaries of the parent domain
(e.g. the east and south boundaries in Fig. 9) the boundagitcans are inherited from its parent.
Otherwise, the boundary of the high resolution region lieghie interior ofL, Ly, in this case

and @ =@bf the boundary can be obtained by interpolation of the losohation grid. In our
template implementation of this multigrid solver, we implent it as a derived interface @MUSE
(Fig. 9). It implements the same high-level interface (tLéas the same methods) as the bQ&g
which allows these two to be used interchangeably. In pdaica re ned region can itself have

re nements.
4.1.2 Domain decomposition

Instead of overlapping domains, we can implement a simitapting for (two or more) non-
overlapping (or partially overlapping) domains. A problémre is that the information used for
the interpolated state on either side of a domain boundagg dot carry information of the other
domain. In the nested case the low resolution solution idabla over the whole domain, so it can
provide this information.

This can be solved by iteration, but as the required stepchtigaration (solving fol@ =@tising

a Poisson solver) is quite expensive, this would be pratdiit inef cient. For this case, the problem

20



540

545

550

555

560

565

570

can be accelerated by using accelerated vector extrapolagthods such as minimum polynomial
extrapolation (MPE, Cabay and Jackson, 1976), i.e. we dvangdor the xed points of

X = F(xY); @)

wherexk is the vector consisting of th@ ; =@ values on the boundaries (of all mutually neighbour-
ing domains). In (4)F is the operator determining the next vector in this sequenit iteration
indexk. This operator is provided by the instances of @@ which calculates a new set @ =@t
values from previous set. The MPE method does not need éxpiiawledge of the sequence gen-
erator, and as such is especially well-suited for the praldere (this information in our case is
“hidden' in theQGcode). In practice the solution converges within a handfulevations to satis-
factory precision.

The evolve loop of a compour@Gconsisting of N domains then proceeds as follows: (1) update
the internal boundaries of each domain Nvalues are interpolated from neighbouring grids, a con-
sistent set of@ =@values are calculated using the MPE method. (2) all the dosraie stepped

forward in time. An example of this will be shown in sectio2 Below.

Note that both preceding examples (in 4.1.1 and 4.1.2) imei¥ fairly close couplings. Never-
theless, th©MUSHEramework can be used to implement these ef ciently (botmfithe viewpoint
of effort required to implement them as from a computatiorialvpoint). The most CPU inten-
sive parts of the computations (i.e. the solutions to the BVE are executed by the (optimized)
QGsolver, while on the framework level a limited amount of gd@mns, such as data transfer and

conversions are handled.

5 Applications

To demonstrate the capabilities @MUSEve present a number of example applications. These
illustrate the application of the uni ed interfaces @MUSHEo calculate the same problem using
different codes (section 5.1), the use @MUSHo implement intra-code domain decomposition
(section 5.2), atwo-way coupling between codes with dififephysics (section 5.3), the embedding
of a high resolution region in a low resolution domain usiifledent codes (section 5.4) and the

addition of data analysis to a running computation (sectds).
5.1 Critical transitions in a single-gyre ocean circulation model

The idealized classical model of a homogeneous mid-laituohd-driven ocean (Sverdrup, 1947;
Stommel, 1948; Munk, 1950) has been extensively studieggudynamical systems theory (e.qg.
lerley and Sheremet, 1995; Sheremet et al., 1997), whersutdeessive bifurcations in single-layer
(constant density) models are analyzed as the paramettrs nfodel are varied. Here we will use
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Figure 10. Comparison ofQGand ADCIRCfor a simpli ed mid-latitude ocean con guration. Shown is the
equilibrium SSH for a square domain basin of equal depth, driven tpeiwind stress using the setup of
Viebahn and Dijkstra (2014) (resulting in a single gyre solution) at two miffeReynolds numberg =1 (top
panels) andR =10 (bottom panels), whe® = UL=Ay andU = o=( oLH ) is a characteristic horizontal
velocity. In each case, the left panel shows the solution obtained @#gnd the right panel thADCIRC

solution is shown.

two completely different simulation codes to obtain eduilim solutions and study the bifurcation
diagram in a single-gyre setup (Viebahn and Dijkstra, 2014)

575 The rst code QGsolves the BVE (1), whileADCIRC solves the primitive equations and does
not impose the quasi-geostrophic approximation. In thisssehis simple numerical experiment
will illustrate a-posteriori the validity of the approxirtians made in deriving (1). We run th@G
simulation for a 1000 km1000 km basin with a resolution &, =200 200 with parameters

0=1:8616 10 *(ms) 'Ry =0s !, Ay =1194 m?s !, and a wind stress

s80 *= -Zcos(y=L); Y=0; (5)

where j is determined by the adopted Reynolds nunfRer ¢=( o oAy H) ( o =1025 kg=m?3

andH =4000 m) ForADCIRC atriangular grid matching this geometry is generated bysiding

the cells of al, =50 50) Cartesian grid into four triangles by adding a vertex todbater of

the cell. The parameters ADCIRCare chosen to match the parameter®i®& and the same wind
585 stress is applied.
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Figure 11. Part of the bifurcation diagram showing the upper and lower branchsteady and oscillatory
solutions for a single gyre ocean model. Shown are the mean (dasmedhaximum (solid) value of the
stream function foQG(black) andADCIRC(green) model runs, as a function of the Reynolds nurfédtor
ADCIRCthe stream function is calculated as= g =f o, where is the free-surface height. The values shown
represent time averaged values in case the system shows oscillatawyduehThe ow undergoes a cyclic fold
bifurcation nealR =25 as indicated by the vertical dashed lines (Viebahn and Dijkstra, 2014)ADICIRC
solution becomes (numerically) unstable at this bifurcation.

In Figure 10 we compare the stable stationary solutionsetio codes (these are obtained by

running until the maximum fractional changes in eitheratnefunction (for QG or sea surface
elevation (for ADCIRQ between two successive diagnostic time intervals chalegegharl0 #).
As can be seen, the two codes calculate solutions that agiééalthough small differences can be
seen). Figure 11 shows the corresponding bifurcation dragrhen varying the Reynolds number.
The correspondence between the two codes is good for lowdRés/number, showing the same
qualitative behaviour. At the bifurcation (abo® 25) we found that the solutions obtained by
ADCIRCbecome unstable to a basin-wide fast gravity wave mode,hwikioot represented in the
QGmodel.

5.2 QGon a composite domain

As a rst example of the use dDMUSEo construct new solvers by composing various subcodes,
we show the results of an idealized calculation solving tk&Beq. 1) on composite domains. The
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Figure 12. Stream function for a non-rectangular domain run wiGon a composite domain. Plotted is
after 15 days of evolution with the composi@scode (section 4.1.2) on a domain consisting of two coupled
subdomains, indicated by the cyan and green rectangles.

coupled solver presented in section 4.1.2 is employed fer thuses separate instances@&to
calculate the ocean ow (i.e. solutions to equation (1)) fiocomposite domain. In gure 12 the
solution is calculated on a domain with a western boundaayithstepped. The domain (shown in
Figure 12) consists of a 400@000 km basin extended on the western side with a 128000 km
subdomain (the respective subdmains are indicated in thee 9y the green and cyan rectangles).
The solution is shown for a Reynolds numlbee 10, with similar single gyre forcing as (5) after
15 days of evolution (at this early stage one can distingthisiRossby waves moving east to west
from the interior of the large basin, into the smaller domain

Using such a composite domain it is possible to calculateeffeets of topographic features on
the dynamics of boundary currents, or change the resolatiorss the domain. Such idealized mod-
eling on a simpli ed domain is often useful to reduce the alld topography to its essential fea-
tures, e.g. Le Bars et al. (2012). The example above implengesilored solver using the high-level
OMUSHnterface toQG This demonstrates that the interfaceOdlUSEre capable of expressing
fairly tight couplings. The alternative, and maybe moreiobs, way to implement such solver is to
adapt the underlying Poisson solver to various domain shayg®ch may involve changing the data
representation. In contrast, the implementation hereng dathout reference to the underlying data

structures and in principle does not depend on the grid tygbape used in the underlying solver.

24



615

620

625

Atmosphere
model

nodes

" A

wind stress wind velocity

~ forcings forcings
ADCIRC -~ SWAN

~ nodes ~Tcurrent wave [~ nodes |
- stress\

Figure 13. Schematic representation of tA® CIRGSWANoupling.

(1) channell=hurricane.grid.new_channel_to( swan.forc ings )

(2) channel2=hurricane.grid.new_channel_to( adcirc.fo rcings )

(3) channel3=adcirc.nodes.new_channel_to( swan.forcin gs )

(4) channeld=swan.nodes.new_channel_to( adcirc.forcin gs )

(5) while time<tend:

3) hurricane.evolve_model(time+dt/2)

(4) channell.copy_attributes(["tau_x","tau_y"])

5) channel2.copy_attributes(["vx","vy"])

(6) adcirc.evolve_model(time+dt/2)

@) swan.evolve_model(time+dt/2)

(8) channel3.copy_attributes(["current_vx","current_ wy"'])

9) channel4.copy_attributes(["wave_tau_x","wave_tau V'

Figure 14.De nition of communication channels and evolve step corresponding toed. 3.

5.3 Implementation of a coupled SWAN-ADCIRC model

The propagation of wind-driven surface waves is sensitiwedater levels and current velocities. The
properties of the underlying circulation will affect theodwtion of the wind-driven wave eld and
the location of wave-breaking zones. On the other hand, Adietn wave transport can generate
radiation stress gradients that can in turn drive circafaet-up and currents. Currents can also be
affected by changes in the vertical momentum mixing andoooftriction stresses generated by the
wind-driven wave eld. Thus, in many coastal applicatiossch as the calculation of storm surges,
waves and circulation processes should be mutually coupled

Here we will demonstrate the implementation of such a cogplvithin theOMUSHEramework,
applying it to a coupling of th&DCIRCcirculation model and th§WANvave propagation model. A
fully integrated coupledDCIRAQSWANnNodel exists (Dietrich et al., 2011), and below we compare
and contrast our method of coupling with this existing ajpgto The physical interactions between

the different simulated components are schematicallyrgind=ig. 13. Figure 14 shows the (some-
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Figure 15. Signi cant wave heights for hurricane Gustav (2008), calculated uaingupledADCIRGSWAN
simulation. The signi cant wave height eld (shading, with contours aB16, 9 and 12 meters) is shown
with the (model) wind eld superimposed (arrows, where the arrow orldiver left corresponds to 30+8),
and the storm track (dashed line). Shown are frames 156, 168 anddlB6 after start of the simulation
(2008=08=25=0000UTC), in the three panels from top to bottom, respectively.
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Figure 16. Schematic representation of tRORADCIRCone way coupling for an embedded domain. The
labelled arrows indicate the use of remapping channels. "remap" dtamalsonservative remapping between
the structured?OPgrid and the unstructureADCIRC grid, while "interp." indicates that the variables are
interpolated.

what simpli ed) OMUSEode corresponding to this model coupling. Note that in¢bigpling both
SWANnd ADCIRC use the same unstructured (triangular) grid. The commtioichetween the
codes (as shown in Fig. 14) is handleddhannels , whereby the framework handles the copying
(and unit conversion) of data.

As an example we apply the coupled code to calculate the waiglthand storm surge of hurri-
cane Gustav (2008} in the Gulf of Mexico. The hurricane is modelled using an sti@lprescrip-
tion (Holland, 1980) from data of a hurricane storm tracksffions, central pressures, maximum
windspeed, storm radius) read in from le. Implementatidithis analytic model is in the form of a
Python class mimicking a full simulation cod®DCIRCis run in 2D barotropic mode with meteoro-
logical forcing from the hurricane model as¥WANbrovides the wave stresses. There is no forcing
on the open ocean boundaries. For the discretization ofdtienedensitySWANIses 36 bins in the
directional space and 32 bins in frequency (from 0.05 to 1 Hkg standard set of third generation
wave parameters, including the effects of wave breakingpbofriction and 3-wave interaction is
used. The time stepl{ ) between updates of the coupled quantities is 600 seconds.

In gure 15 we show the resulting wave heights calculatedh®y/model during the development
of hurricane Gustav at three different times. The results@©®MUSEoupling are similar to the re-
sults of the integrated coupling implementation (Dietréthal., 2011, and above mentioned website).
Technically the coupling as i@MUSHliffers from the implementation by Dietrich et al. (20113, a
the latter directly copies data in the uni ed memory spacea sfngle binary (an for that reason is
more ef cient). However, both implement the same coupleacpsses and the approach taken by
OMUSHloes not depend on the particular aspects of the selectex$ ecagkactly the same script
could be used by other codes using the same interfaces.
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(1) forcings_channel=pop_forcings_grid.new_remapping _channel_to(
adcirc.forcings, conservative_spherical_remapper)

(2) boundary_channel=pop_grid.grid.new_remapping_cha nnel_to(
adcirc.elevation_boundary, interpolating_remapper)

(3) while time<tend:

4) pop.evolve_model(time+dt/2)

(5) forcings_channel.copy_attributes(["tau_x","tau_y 7
(5) boundary_channel.copy_attributes(["ssh"])

(6) adcirc.evolve_model(time+dt)

©) pop.evolve_model(time+dt)

(8) time+=dt

Figure 17.De nition and use of remapping channels for FORADCIRCembedding of gure 16.
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Figure 18. Sea surface heights and velocities ARCIRCrun embedded in a global circulati®@OPmodel.
Top panels show the sea surface height (SSH) of a region coverilgetstern North Atlantic Ocean, Caribbean
Sea and Gulf of Mexico. The upper left panel shows the high resoldi@IRCSSH eld (superimposed on
the POP eld) and the upper right panel the low resoluti®#©OP eld. The black square indicated in the top
right panel is shown in more detail in the lower panels where the SSH witleitie®superimposed are shown
(in the case oADCIRCthe barotropic velocities are shown, OPthe are the surface velocities). The dashed

line (top right panel) is the open ocean boundary of the regiaBelIRCmodel.
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5.4 Embedded regional model

A recurring problem for regional or coastal modeling is tpplecation of realistic boundary condi-
tions from the open ocean, even more so when one is interigstied effect of large scale or global
processes on the regional level. One approach to obtaistie&loundary conditions at the required
scale is the nesting of a high resolution and small scale hodelower resolution but larger scale
model (e.g. Debreu et al., 2012; Djath et al., 2014).

Here we illustrate the implementation of (one-way) nestmn@MUSHEby embedding a regional
high resolution barotropiaDCIRCmodel of the Caribbean and North American Atlantic coast int
a POPglobal circulation model (see g. 16). In this case, sif®®Puses a curvilinear structured
grid andADCIRC an unstructured triangular mesh, it is necessary to perfomemapping when
transporting variables from one code to the other (thesetifumal remappingchannels are indicated
in gure 16 by the labelled arrows).

For the actual implementation of the couplingdMUSEthe difference between using a remap-
ping channel and a normal (data copying) channel (such asrtbg used in section 5.3) is small:
the only difference with a normal channel is that upon ifizeion the actual remapping method to
be used needs to be speci ed for a new remapping channel. §dgewf the remapping channel to
prescribe the data ow in the coupled model ( gure 17) usesshme semantics.

In order to calculate the dynamics of the nested regionalain@ddCIRCin 2D barotropic mode
needs an input wind stress eld and the speci cation of eitive sea surface level or normal uxes
on the boundary. In addition to this, the model can be initgal from remapped ow variables
(barotropic velocities and sea surface heights). Note dhfatly consistent coupling between the
two codes is not possible since they solve for a differento$etariables (2D barotropic vs 3D
baroclinic). For the (conceptual) example here, a coupliag made on the sea surface elevation, and
the bathymetry of thADCIRCgrid was limited to 500m depth (so the barotropic basin regméed in
ADCIRCcan only be compared with the upper 500m layelP6B. The time step for the coupling
(updates of the boundary surface elevations) is taken tajbal éo thePOPinternal time step of
approximately 30 minutes. The remappings are performeact 8me step for the wind stresses
and for the sea surface heights.

Figure 18 shows the sea surface heights and velocities anitfiral low resolutioPOPgrid and
the embedded higher resolutiéddCIRCgrid after 30 days of adjustment (after this IRBCIRC
solution follows the (slow) variations d?OB. A fully consistent coupling is possible when using
ADCIRCIin baroclinic mode. In this case, the coupling proceedsh@aitarger number of coupling
variables involved) along similar lines.

11The data for this example comes from:
http://www.caseydietrich.com/2012/06/27/example-inp ut-files-for-swanadcirc/
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5.5 On-the-y data analysis

In addition to consuming massive amounts of CPU time, ctitegge scale simulations are capable
of generating enormous amounts of data. Usually, it is ptes$d store only a very limited subset
of this data, this limits the data analysis that can be peréat. One solution to this has been to do
(part of) the analysis on the y. Online data analysis offeeseral opportunities, including the fact
that special actions can be taken when interesting evewtg.d8uch special actions may include
inspecting the model internal data at resolutions, botliapnd temporal, that are not available or
feasible with of ine data analysis. While running simulat®throughOMUSEthe simulation state
is accessible, and this allows for data analysis while a lsitin is running.

As a proof-of-concept application we add an online ocealy édatker on top of th€ OPmodel.
The interest in ocean eddies comes from the fact that eddiesport considerable energy and
mass and as such in uence the dynamics of large-scale odeariation and the climate (e.g.
Viebahn and Eden, 2010; Grif es et al., 2015). To understhdly properties and variability, several
mesoscale eddy tracking algorithms have been proposedentrgears. We have adapted a sea sur-
face height-based eddy tracking code that is implement&yinhon, callecdby-eddy-tracker
(Mason et al., 2014). The code uses high-pass ltered sehd@momaly (SLA) elds. On the ltered
elds, contours are computed at 1 cm intervals for levelsyaen -100 cm to 100 cm. These contours
are then searched to locate eddies based on their shapearaeamplitudepy-eddy-tracker
tracks eddies across successive sea level anomaly (SLA3 @ing a search ellipse, bounded by
the local (long baroclinic) Rossby wave speed.

We have generalized the code in order to use different dateces, including output that is ob-
tained directly from numerical models. To this end, we hawalined the py-eddy-tracker to
be able to handle grids that contain gaps, as land-only blaok not part of the simulation in POP.
We useBasemap'? to compute a landmask for the given grid and apply it to the Stlé. Finally,
we have created a simple, but easy to use, interface tpytrealdy-tracker that understands
the grid data structures and units use@MUSE

Figure 19 shows the code required to build an online eddimggprogram withOMUSEThe
interfaceEddyTracker is given theOMUSHjrid data type used bipOPand automatically per-
forms unit conversions and extracts the information thae#ds (i.e. the sea surface height and the
coordinates of the grid points).

Figure 20 shows the output of the online eddy tracking pnogthat uses sea surface height
data directly from a runnin@OPsimulation. In this image, we can clearly see the large gpclonic
eddies that result from the retro ection of the Agulhas @umit as well as many smaller eddies being
tracked over time by the online eddy tracking algorithm. Ta¢a generated by the online eddy
tracker can, for example, be used to compare the statidtiteesimulated eddies to the analysis

made usingy-eddy-tracker (or other tools) of altimetry data.

L2http://matplotlib.org/basemap/
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from omuse.ext.eddy_tracker.interface import EddyTrack er
from omuse.community.pop.interface import POP
p=POP( ... ) #start POP as you would do normally

dt_analysis = 7 | units.day
tracker = EddyTracker(grid=p.nodes, domain='Regional’,
lonmin=0. | units.deg, lonmax=50. | units.deg,
latmin=-45. | units.deg, latmax=-20. | units.deg, dt_anal ysis)

tnow = p.model_time
stop_time = p.model_time + (1 | units.yr)

while (tnow < stop_time):
p.evolve_model(tnow + dt_analysis)
tracker.find_eddies( ssh=p.nodes.ssh, rtime=p.model_t ime )
tnow = p.model_time

tracker.stop(tend)
p.stop()

Figure 19.This example demonstrates how to build an application that analyzes data ftoaning simulation
usingOMUSEThis code implements an online eddy tracking program that tracks thhesdzitbed on sea surface

height every seven days for one yeaP@Psimulation.

6 Summary and Discussion

720 We have presented the Oceanographic Multipurpose Softaveeonment OMUSEwhich pro-
vides a homogeneous interface to existing or newly-deealarean models. As illustrated by the
results in the previous section, the use case©OMIUSEange from running simple numerical ex-
periments with single codes (e.g. section 5.1), to combigimulation codes and data analysis tools
(section 5.5) and setting up fairly complicated and strgroglupled solvers (section 5.2) to solve

725 problems that are intrinsically multi-scale (section mAjl/or require different physics (section 5.3).
Using OMUSEsimulations can be easily scripted and on-the- y datahesiscan be added.

The implementation of the different use cases is facilitdtg several aspects of tt@MUSHEle-
sign. OMUSHe nes standardized interfaces and data structures ftardiit codes. The data struc-
tures and the state model as well as the communication meddlinOMUSEre exible and allow

730 a wide variety of codes, written in different languages, ¢oifitegrated wittOMUSEOMUSHElso
works well with established methods to generate initialdittons and analyze the resulting data.

OMUSEhares some of the goals of a number of other coupling framietbat have been devel-
oped in the Earth System modeling community (e.g. Hill et28l04; Buis et al., 2006; Gregersen et al.,
2007; Jacob et al., 2005; Larson, 2005; Peckham et al., 2@1&e, 2013). While they follow quite

735 different design strategies, these coupling frameworksesthe ability to initialize different models,
move (and if necessary regrid) data between them and mahagé@rte evolution of the compo-
nent models. As mentioned in the introduction, they can hbube divided into integrated coupler
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Figure 20.Output of the online eddy tracking application using data from a runRiDgsimulation, showing a
region around the southern tip of Africa. The green lines show the canbaiween areas of different sea level
anomaly values. Red indicates areas of elevated sea level, and is usgeddiaaticyclonic eddies. Similarly,
blue indicates a lower sea level, and is used to identify cyclonic eddies €tta blue lines indicate the track
that an eddy has travelled since it was rst detected.

systems and coupling library frameworks (Valcke et al.,20Eor example, the Earth System Mod-
eling Framework (ESMF, Hill et al., 2004) presents an examgiflthe integrated approach, where
component modules are made to conform to a simple callingesesg and called from a single
executable (which also implements the coupling algoritn@gssarini et al. (2017) provide an ex-
ample of the coupling library approach. In this case the @yugpnsists of a wrapper around a the
Biogeochemical Flux ModelBFN) code that can be called from another co#Tgcm). OMUSE
shares the characteristic of the integrated approacheththaomponent models are called from a
single executable, in our case by writing a concise Pythdptsexpressing the physics of the model.
On the other hand, the component model®MUSEwhile called from the framework, are running
independently of one another and the user process acts dieer providing regridding and data
conversion services, sharing this property with couplibgary frameworks like OASIS (Valcke,
2013), and PALM (Buis et al., 2006).

The closest equivalent tOMUSHEnay be the Community Surface Dynamics Modeling System
(CSDMSPeckham et al., 2013 SDMSand OMUSEHollow a similar design philosophy (as sum-
marized in Peckham et al. (2013)), by aiming for a modularponent based modeling framework.
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The CSDM3MI (basic model interface) and CMI (component model irded) are roughly equiv-
alent to theOMUSHow level interface. The main differences betw&aiMUSENdCSDMGre that
the former presents Python as the main user interface fgramoming an application, while for
the CSDMShere are various choices, including a GUI front end. In &oldj OMUSEIimpli es the
interaction with the community codes using high-level abjariented data structures on top of the
low level interface anddMUSHas a more extensive and exible state model, allowing fother
automation. The similarity of th€SDMSnd OMUSEnterfaces translates, in principle, into inter-
operability between these frameworks since the interfaocgoonents of a code in tHegSDM$an be
converted to at©®MUSHEnterface (possibly by a general converter of a BMI toGiUSHow-level
interface). The reverse (using an OMUSE low level interfasdBMI) would also be possible, but
not all functionality provided by a@MUSHnterface necessarily maps to the BMI.

Itis important to ensure the accuracy, reliability and ogfurcibility of a integrated framework like
OMUSEWe employ a number of strategies to ensure this is the chseframework itself is tested
daily and upon the commit of changes using more than 2000 coeng tests that cover approxi-
mately 80% of the framework code and range from basic testleointerfaces to the simulation
codes as a whole. The simulation codes themselves are tealibg comparing the results of test
problems run usin@MUSHwith the results of the code running stand-alone (usuallyraber of
test problems are developed for the simulation codes). tmescases (for example teDCIRG
SWANoupling) the results of a coupled solver implemented wi@MUSEan be compared with a
reference coupling implementation (Dietrich et al., 264.8,). In any case, to ensure the correctness
of a new application iMOMUSEnNe should conduct the usual tests to ensure the validityerity
the results.

An important concern of a coupling framework suchCMUSHs performance. While the initial
driver for the development dDMUSEs to simplify the setup and development of coupled simu-
lations, the architecture @MUSEs designed with a high degree of parallelism. The interaghd
structures are ef cient. Also the individual simulationdes are often highly optimized. So the per-
formance of arODMUSEpplication is rarely a concern, but this is strongly prabldependent. In
practice, the overhead imposed by the framework is oftersared to be rather small (less than a
few percent), but it is not dif cult to formulate problems wie the strength of the coupling is intrin-
sically so strong that very frequent communication betwitbercomponent solvers is necessary.

In this respect a limitation of the current design@MUSEs the fact that the communication
between solvers is handled by a single process user schifg.ifiposes a bottleneck for the per-
formance of the communication between e.g. two paralleksollvhile in the current setup there
are some mitigating techniques that can be applied (asgnobs communication or grouping and
spawning the communication-intensive subprocessespaitly we would need to implement a
distributedcommunication channel that would direct the data ow frora g#ending to the receiving
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process directly. Note that such distributed communicatitannels would not change the semantics
of the use of a channel between data structures.

Code availability

OMUSEHs available at the project websitdtps://bitbucket.org/omuse 13 It is foreseen
to grow over time with new codes and capabilities and canyelsiadapted for private us@MUSE
comes with basic tests and a separate repository with exanplset up at the aforementioned
website.

OMUSE is distributed under an Apache 2.0 license. This safaty to the framework and inter-
face code, not to the simulation codes (including theirvesititerface). Where these are distributed
under an open source license, community codes can be intlodbe framework source distribu-
tion, otherwise these codes must be downloaded separfdesiycodes or extensions, as well as bug
xes may be submitted to the reposito@MUSENcourages the practice of distributing simulation
codes by reporting automatically upon conclusion ofGiMUSEcript the community codes that
were used, and providing the relevant references for ifmiui® publications resulting from their

use.
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