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1 Whatis the Earth System Modeling Framework?

The Earth System Modeling Framework (ESMF) is a suite ofveafé tools for developing high-performance, multi-
component Earth science modeling applications. Such egifins may include a few or dozens of components
representing atmospheric, oceanic, terrestrial, or githgsical domains, and their constituent processes (dyasmi
chemical, biological, etc.). Often these components aveldped by different groups independently, and must be
“coupled” together using software that transfers and fanss data among the components in order to form functional
simulations.

ESMF supports the development of these complex applicatioa number of ways. It introduces a set of simple,
consistent componentinterfaces that apply to all typeswifonents, including couplers themselves. These intesfac
expose in an obvious way the inputs and outputs of each coempolh offers a variety of data structures for transferring
data between components, and libraries for regriddinge taivancement, and other common modeling functions.
Finally, it provides a growing set of tools for using metad#&t describe components and their input and output
fields. This capability is important because componentsaha self-describing can be integrated more easily into
automated workflows, model and dataset distribution antysisgortals, and other emerging “semantically enabled”
computational environments.

ESMF is not a single Earth system model into which all compésieust fit, and its distribution doesn’t contain
any scientific code. Rather it provides a way of structurioghponents so that they can be used in many differ-
ent user-written applications and contexts with minimaleonodification, and so they can be coupled together in
new configurations with relative ease. The idea is to creaeyncomponents across a broad community, and so to
encourage new collaborations and combinations.

ESMF offers the flexibility needed by this diverse user baseés tested nightly on more than two dozen plat-
form/compiler combinations; can be run on one processdraudands; supports shared and distributed memory pro-
gramming models and a hybrid model; can run components atiglhg (on all the same processors) or concurrently
(on mutually exclusive processors); and supports singéew@able or multiple executable modes.

ESMF'’s generality and breadth of function can make it daunfor the novice user. To help users navigate
the software, we try to apply consistent names and behawioughout and to provide many examples. The large-
scale structure of the software is straightforward. Thiies and data structures for building modeling compogent
are called the ESMinfrastructure The coupling interfaces and drivers are calledghperstructure User code sits
between these two layers, making calls to the infrastrediioraries underneath and being scheduled and synchobnize
by the superstructure above. The configuration resemblasdwsch, as shown in Figuié 1.

ESMF users may choose to extensively rewrite their codeski advantage of the ESMF infrastructure, or they
may decide to simply wrap their components in the ESMF suipmtsire in order to utilize framework coupling
services. Either way, we encourage users to contact ouosuggan if questions arise about how to best use the
software, or how to structure their application. ESMF is enthhan software; it's a group of people dedicated to
realizing the vision of a collaborative model developmearhmunity that spans insitutional and national bounds.

2 The ESMF Reference Manual for C

ESMF has a complete set of Fortran interfaces and some Gaoés: ThisESMF Reference Manu@ a listing of
ESMF interfaces for C.

Interfaces are grouped by class. A class is comprised ofateeahd methods for a specific concept like a physical
field. Superstructure classes are listed first in Miéual followed by infrastructure classes.

The major classes in the ESMF superstructure are Compgnerith usually represent large pieces of function-
ality such as atmosphere and ocean models, and States, argithe data structures used to transfer data between
Components. There are both data structures and utilitifseifre SMF infrastructure. Data structures include multi-
dimensional Arrays, Fields that are comprised of an Array arGrid, and collections of Arrays and Fields called
ArrayBundles and FieldBundles, respectively. There aitiytbraries for data decomposition and communications
time management, logging and error handling, and applicabnfiguration.


mailto:esmf_support@list.woc.noaa.gov

Figure 1. Schematic of the ESMF “sandwich” architecture.e Ttamework consists of two parts, an upper level
superstructure layer and a lower levehfrastructure layer. User code is sandwiched between these two layers.
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3 Overview of Superstructure

ESMF superstructure classes define an architecture fomédisg Earth system applications from modelicgmpo-
nents A component may be defined in terms of the physical domainithepresents, such as an atmosphere or sea
ice model. It may also be defined in terms of a computationattion, such as a data assimilation system. Earth
system research often requires that such componertsupged together to create an application. By coupling we
mean the data transformations and, on parallel computistgsys, data transfers, that are necessary to allow data from
one componentto be utilized by another. ESMF offers regngichethods and other tools to simplify the organization
and execution of inter-component data exchanges.

In addition to components defined at the level of major plalslomains and computational functions, components
may be defined that represent smaller computational fumetidgthin larger components, such as the transformation
of data between the physics and dynamics in a spectral atmaosmodel, or the creation of nested higher resolution
regions within a coarser grid. The objective is to couple ponents at varying scales both flexibly and efficiently.
ESMF encourages a hierachical application structure, islwlarge components branch into smaller sub-components
(see Figurgl?). ESMF also makes it easier for the same comptmiee used in multiple contexts without changes to
its source code.

Key Features

Modular, component-based architecture.

Hierarchical assembly of components into applications.

Use of components in multiple contexts without modification

Sequential or concurrent component execution.

Single program, multiple datastream (SPMD) applicatiamsriaximum portability and reconfigurability.
Multiple program, multiple datastream (MPMD) option forileility.

3.1 Superstructure Classes

There are a small number of classes in the ESMF supersteuctur

e ComponentAn ESMF component has two parts, one that is supplied by théFEShd one that is supplied by
the user. The part that is supplied by the framework is an E8&tived type that is either a Gridded Component
(GridComp) or a Coupler ComponentCplComp). A Gridded Component typically represents a physical
domain in which data is associated with one or more gridseXxample, a sea ice model. A Coupler Component
arranges and executes data transformations and transtersdn one or more Gridded Components. Gridded
Components and Coupler Components have standard methidh,include initialize, run, and finalize. These
methods can be multi-phase.

The second part of an ESMF Component is user code, such asel arathta assimilation system. Users set
entry points within their code so that it is callable by thenfrework. In practice, setting entry points means that
within user code there are calls to ESMF methods that agsotia name of a Fortran subroutine with a cor-
responding standard ESMF operation. For example, a ustefvinitialization routine calledny Oceanl ni t
might be associated with the standard initialize routinemESMF Gridded Component named “myOcean”
that represents an ocean model.

e StateESMF components exchange information with other compaamy through States. A State is an ESMF
derived type that can contain Fields, FieldBundles, Arr@dysayBundles, and other States. A Component is
associated with two States, Bnport State and arExport State. Its Import State holds the data that it receives
from other Components. Its Export State contains datatlcani make available to other Components.

e Application Driver The Application Driver AppDriver ) is a small, generic driver program that contains the
“main” routine for an ESMF application.



Figure 2: ESMF enables applications such as the atmosphenieral circulation model GEOS-5 to be structured
hierarchically, and reconfigured and extended easily. Baghn this diagram is an ESMF Gridded Component.
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An ESMF coupled application typically involves an AppDrive parent Gridded Component, two or more child
Gridded Components that require an inter-component dataagige, and one or more Coupler Components.

The parent Gridded Component is responsible for creatiagetiild Gridded Components that are exchanging
data, for creating the Coupler, for creating the necessapott and Export States, and for setting up the desired
sequencing. The AppDriver “main” routine calls the pareriti@ed Component’s initialize, run, and finalize methods
in order to execute the application. For each of these stdndathods, the parent Gridded Component in turn calls
the corresponding methods in the child Gridded Componerddtze Coupler Component. For example, consider a
simple coupled ocean/atmosphere simulation. When thialiné method of the parent Gridded Componentis called
by the AppDriver, it in turn calls the initialize methods &$ ichild atmosphere and ocean Gridded Components, and
the initialize method of an ocean-to-atmosphere Couplen@ment. FigurEl3 shows this schematically.

3.2 Hierarchical Creation of Components

Components are allocated computational resources in thedbPersistent Execution Threadsor PETs. A list of

a Component’s PETs is contained in a structure calletitaal Machine , or VM. The VM also contains information
about the topology and characteristics of the underlyingmater. Components are created hierarchically, with garen
Components creating child Components and allocating samakkaf their PETs to each one. By default ESMF creates
a new VM for each child Component, which allows Componentailor their VM resources to match their needs. In
some cases a child may want to share its parent’s VM - ESMFa®tgthis too.
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Figure 3: A call to a standard ESMF initialize (run, finalizeg¢thod by a parent component triggers calls to initialize
(run, finalize) all of its child components.

AppDriver (“Main”)
Call Initialize Call Run Call Finalize
<
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<
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Child GridComp “Atmospherg”

Initialize | Run r_FinaIize

Child GridComp "Ocean”

Initialize | Run r_FinaIize

Child CplComp “Atm-Ocean Coupler”

A Gridded Component may exist across all the PETs in an agifit. A Gridded Component may also reside
on a subset of PETs in an application. These PETs may whalhgicke with, be wholly contained within, or wholly
contain another Component.

3.3 Sequential and Concurrent Execution of Components

When a set of Gridded Components and a Coupler runs in segoeribe same set of PETs the application is executing
in a sequentialmode. When Gridded Components are created and run on nmuéxalusive sets of PETs, and are
coupled by a Coupler Component that extends over the unitresé sets, the mode of executiogdcurrent.

Figure[4 illustrates a typical configuration for a simple pleal sequential application, and Figlide 5 shows a
possible configuration for the same application runningéemcurrent mode.

Parent Components can select if and when to wait for conatlyrexecuting child Components, synchronizing
only when required.

It is possible for ESMF applications to contain some Compobiets that are executing sequentially and others
that are executing concurrently. We might have, for examattmosphere and land Components created on the same
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subset of PETs, ocean and sea ice Components created omiiader of PETs, and a Coupler created across all the
PETs in the application.

3.4 Intra-Component Communication

All data transfers within an ESMF application ocauithin a component. For example, a Gridded Component may
contain halo updates. Another example is that a Coupler @oemt may redistribute data between two Gridded
Components. As aresult, the architecture of ESMF does matrabon any particular data communication mechanism,
and new communication schemes can be introduced withadtaffy the overall structure of the application.

Since all data communication happens within a componentuplér Component must be created on the union of
the PETs of all the Gridded Components that it couples.

3.5 Data Distribution and Scoping in Components

The scope of distributed objects is the VM of the currentlgaring Component. For this reason, all PETs in the
current VM must make the same distributed object creatidls.c/hen a Coupler Component running on a super-
set of a Gridded Component's PETs needs to make commumiozdits involving objects created by the Gridded
Component, an ESMF-supplied function callE8M~_St at eReconci | e() creates proxy objects for those PETs
that had no previous information about the distributed ciisjeProxy objects contain no local data but can be used in
communication calls (such as regrid or redistribute) tacdbs the remote source for data being moved to the current
PET, or to describe the remote destination for data beingashénom the local PET. Figuig 6 is a simple schematic
that shows the sequence of events in a reconcile call.

3.6 Performance

The ESMF design enables the user to configure ESMF applisasio that data is transferred directly from one com-
ponent to another, without requiring that it be copied ot e different data buffer as an interim step. This is likely
to be the most efficient way of performing inter-componentging. However, if desired, an application can also be
configured so that data from a source component is sent tdiaadiset of Coupler Component PETs for processing
before being sent to its destination.

The ability to overlap computation with communication isestial for performance. When running with ESMF
the user can initiate data sends during Gridded Componegtérn, as soon as the data is ready. Computations can
then proceed simultaneously with the data transfer.
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Figure 4: Schematic of the run method of a coupled applinatiath an “Atmosphere” and an “Ocean” Gridded
Component running sequentially with an “Atm-Ocean Coubldhe top-level “Hurricane Model” Gridded Com-
ponent contains the sequencing information and time adwaant loop. The AppDriver, Coupler, and all Gridded
Components are distributed over nine PETSs.

PETs -
1 2 3 4 5 6 7 8 9
-
3
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LOOP Call Run
f Run ]
GridComp
“Atmosphere”
{ Run ]
GridComp
“Ocean”
r Run ]
CplComp
“Atm-Ocean Coupler”

13



Figure 5: Schematic of the run method of a coupled applinatigth an “Atmosphere” and an “Ocean” Gridded Com-
ponent running concurrently with an “Atm-Ocean CouplerlieTtop-level “Hurricane Model” Gridded Component
contains the sequencing information and time advancernept [IThe AppDriver, Coupler, and top-level “Hurricane
Model” Gridded Component are distributed over nine PETse Wtmosphere” Gridded Component is distributed
over three PETs and the “Ocean” Gridded Component is dig&ibover six PETSs.
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Figure 6: AnESMF_St at eReconci | e() call creates proxy objects for use in subsequent commuaoiceslls.
The reconcile call would normally be made during Coupleiafization.
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3.7 Object Model

The following is a simplified UML diagram showing the relat&hips among ESMF superstructure classes. See
Appendix A, A Brief Introduction to UML, for a translation table that lists the symbols in the diagend their
meaning.

Comp

Possible extensions

GridComp CplComp @ @

4 Application Driver and Required ESMF Methods

4.1 Description

The ESMF Application Driver ESM-_AppDri ver), is a generic ESMF driver program that contains a “main.”
Simpler applications may be able to use an Application Dnivithout modification; for more complex applications,
an Application Driver can be used as an extendable template.

ESMF provides a number of different Application Driverslie$ESM-_DI R/ sr ¢/ Super st ruct ur e/ AppDri ver
directory. An appropriate one can be chosen depending ortteapplication is to be structured. Options when de-
ciding how to structure an application include choices abou

Sequential vs. Concurrent ExecutionIn a sequential execution model every Component executal BETS, with
each Component completing execution before the next Coemidiegins. This has the appeal of simplicity of
data consumption and production: when a Gridded Compomants il required data is available for use, and
when a Gridded Component finishes all data produced is resdphsumption by the next Gridded Component.
This approach also has the possibility of less data moveifigre grid and data decomposition is done such
that each processor's memory contains the data needed hgth€omponent.

In a concurrent execution model subgroups of PETs run Gdididenponents and multiple Gridded Components
are active at the same time. Data exchange must be coomdibhate&een Gridded Components so that data
deadlock does not occur. This strategy has the advantag®wairey coupling to other Gridded Components
at any time during the computational process, includingraving to return to the calling level of code before
making data available.

Pairwise vs. Hub and SpokeCoupler Components are responsible for taking data fronGriteled Component and
putting it into the form expected by another Gridded Commbn€his might include regridding, change of units,
averaging, or binning.

Coupler Components can be written fosirwise data exchange: the Coupler Component takes data from a
single Component and transforms it for use by another si@gldded Component. This simplifies the structure
of the Coupler Component code.

Couplers can also be written usindiab and spokenodel where a single Coupler accepts data from all other
Components, can do data merging or splitting, and formatsfdaall other Components.

Multiple Couplers, using either of the above two models ansanixture of these approaches, are also possible.
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Implementation Language The ESMF framework currently has Fortran interfaces fopalblic functions. Some
functions also have C interfaces, and the number of theseiscéed to increase over time.

Number of Executables The simplest way to run an application is to run the same d@abtaiprogram on all PETS.
Different Components can still be run on mutually excludREETs by using branching (e.g., if this is PET 1,
2, or 3, run Component A, if it is PET 4, 5, or 6 run ComponentBj)is is aSPMD model, Single Program
Multiple Data.

The alternative is to start a different executable prograndifferent PETs. This is 8PMD model, Multiple
Program Multiple Data. There are complications with many gontrol systems on multiprocessor machines
in getting the different executables started, and gettitigriprocess communcations established. ESMF cur-
rently has some support for MPMD: different Components camas separate executables, but the Coupler that
transfers data between the Components must still run onrtios wf their PETs. This means that the Coupler
Component must be linked into all of the executables.

4.2 Required ESMF Methods

There are a few methods that every ESMF application musaauritirst ESM-_I ni ti al i ze() andESMF_Fi nal i ze()
are in complete analogy t&°I _I ni t () andMPl _Fi nal i ze() known from MPI. All ESMF programs, serial or
parallel, must initialize the ESMF system at the beginneng] finalize it at the end of execution. The behavior of
calling any ESMF method befoEeSM-_I niti al i ze(), or afterESM-_Fi nal i ze() is undefined.

Second, every ESMF Component that is accessed by an ESMieatjipi requires that its set services routine
is called througfeSM-_<Gri d/ Cpl >ConpSet Ser vi ces() . The Component must implement one public entry
point, its set services routine, that can be called throbglESEMF_<Gr i d/ Cpl >ConpSet Ser vi ces() library
routine. The Component set services routine is responf@ibietting entry points for the standard ESMF Component
methods Initialize, Run, and Finalize.

Finally, the Component library cabtSM-_<Gri d/ Cpl >ConpSet VM ) can optionally be issudseforecall-
ing ESMF_<Gri d/ Cpl >ConpSet Servi ces() . Similar toESM-_<Gr i d/ Cpl >ConpSet Ser vi ces(), the
ESMF_<Gri d/ Cpl >ConmpSet VM) call requires a public entry point into the Component. ibal the Component
to adjust certain aspects of its execution environmentits@wn VM, before it is started up.

The following sections discuss the above mentioned aspentsre detail.

4.2.1 ESMC._Initialize - Initialize the ESMF Framework

INTERFACE:
int ESMC Initialize(
RETURN VALUE:
int return code
ARGUMENTS:

int xrc, /1 return code
) /1 optional argunents
#def| ne ESMC I ni tArgDef aul t Confi gFi | ename( ARG \
ESMCI _Ar g( ESMCI _I ni t Ar gDef aul t Confi gFi | enanel D, ARG

DESCRIPTION:

Initialize the ESMF. This method must be called before amepESMF methods are used. The method contains a
barrier before returning, ensuring that all processes nadecessfully through initialization.

17



Typically ESMC I nitialize() will call MPI _I nit() internally unless MPI has been initialized by the user
code before initializing the framework. If the MPI initiahtion is left toESMC | ni ti al i ze() itinherits all of the
MPI implementation dependent limitations of what may or may be done befor®Pl _I ni t () . For instance, it

is unsafe for some MPI implementations, such as MPICH, tdQibdfore the MPI environment is initialized. Please
consult the documentation of your MPI implementation faiadls.

Before exiting the application the user must &8MC_Fi nal i ze() to release resources and clean up the ESMF
gracefully.

The arguments are:

[rc] Return code; equalsSM-_SUCCESS if there are no errors.

[defaultConfigFilename] Name of the default configuration file for the entire applimat

5 GridComp Class

5.1 Description

In Earth system modeling, the most natural way to think abolESMF Gridded Component, BEM-_Gr i dConp,

is as a piece of code representing a particular physical opriee. example, an atmospheric model or an ocean model.
Gridded Components may also represent individual prosesseh as radiation or chemistry. It's up to the application
writer to decide how deeply to “componentize.”

Earth system software components tend to share a numbersif femtures. Most ingest and produce a variety
of physical fields; refer to a (possibly noncontiguous) spakegion and a grid that is partitioned across a set of
computational resources; and require a clock, usuallytégmsng a governing set of PDEs forward in time. Most can
also be divided into distinct initialize, run, and finalizencputational phases. These common characteristics alle use
within ESMF to define a Gridded Component data structureighailored for Earth system modeling and yet is still
flexible enough to represent a variety of domains.

A well-designed Gridded Component does not store informnaititernally about how it couples to other Gridded
Components. That allows it to be used in different contextsaut changes to source code. The idea here is to avoid
situations in which slightly different versions of the samedel source are maintained for use in different contexts
- standalone vs. coupled versions, for example. Data ispdsstween Gridded Components using an intermediary
Coupler Component, described in Secfiod 6.1.

An ESMF Gridded Component has two parts, one which is usitewrand another which is part of the framework.
The user-written part is software that represents a phiydigaain or performs some other computational function. It
forms the body of the Gridded Component. It may be a piecegzdg code, or it may be developed expressly for
use with the ESMF. It must contain routines with standard ESMerfaces that can be called to initialize, run, and
finalize the Gridded Component. These routines can haveaepzallable phases, such as distinct first and second
initialization steps.

The part provided by ESMF is the Gridded Component derivped ttself, ESM-_Gri dConp. AnESMF_Gri dConp

must be created for every portion of the application thattlvélrepresented as a separate component; for example, in a
climate model, there may be Gridded Components represgtiEnland, ocean, sea ice, and atmosphere. If the appli-
cation contains an ensemble of identical Gridded Companexery one has its own associaiEgMF G i dConp.
Each Gridded Component has its own name and is allocatedaamhputational resources, in the form of an ESMF
Virtual Machine, or VM.

The user-written part of a Gridded Component is associattdanESM-_Gr i dConp derived type through a routine
called SetServices. This is a routine that the user muséwaitd declare public. Inside the SetServices routine the
user must calESMF_Set Ent r yPoi nt methods that associate a standard ESMF operation with tine o the
corresponding Fortran subroutine in their user code.

A Gridded Component is a computational entity which consuiaral produces data. It uses a State object to exchange
data between itself and other Components. It uses a Clodcoty manage time, and a VM to describe its own and
its child components’ computational resources.

This section shows how to create Gridded Components. Foodstmrations of the use of Gridded Components,
see the system tests that are bundled with the ESMF softwsirébdtion. These can be found in the directory
esnf/src/systemtests.
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5.2 Class API

5.3 C++: Class Interface ESMC_Comp - Public C interface to te ESMF Comp class
(Source File: ESMC_Comp.h)

The code in this file defines the public C Comp class and dectfodal variables to be used in user code written in
C.

6 CplComp Class

6.1 Description

In a large, multi-component application such as a weathechsting or climate prediction system running within
ESMF, physical domains and major system functions are septed as Gridded Components (see Se€fidn 5.1). A
Coupler Component, &SM-_Cpl Conp, arranges and executes the data transformations betwee@rittded Com-
ponents. Ideally, Coupler Components should contain aeliiformation about inter-component communication for
an application. This enables the Gridded Components inghbcation to be used in multiple contexts; that is, used
in different coupled configurations without changes tortkeurce code. For example, the same atmosphere might in
one case be coupled to an ocean in a hurricane predictionlpaodkin another coupled to a data assimilation system
for numerical weather prediction.

Like Gridded Components, Coupler Components have two pamtsthat is provided by the user and another that is
part of the framework. The user-written portion of the sa@ftevis the coupling code necessary for a particular ex-
change between Gridded Components. The term “user-wrigkesomewhat misleading here, since within a Coupler
Component the user can leverage ESMF infrastructure sitiea regridding, redistribution, lower-level communi-
cations, calendar management, and other functions. Honwe8MF is unlikely to offer all the software necessary to
customize a data transfer between Gridded Components. EBEK-not currently offer tools for unit tranformations
or time averaging operations, so users must manage thosstiops themseves.

The user-written Coupler Component code must be divideds@parately callable initialize, run, and finalize methods
The interfaces for these methods are prescribed by ESMF.

The second part of a Coupler Component isE&&F_Cpl Conp derived type within ESMF. The user must create one
of these types to represent a specific coupling functiorh asdhe regular transfer of data between a data assimilation
system and an atmospheric modkgl.

The user-written part of a Coupler Component is associatddam ESM-_Cpl Conp derived type through a routine
called SetServices. This is a routine that the user musewaind declare public. Inside the SetServices routine
the user must calESMF_Set Ent r yPoi nt methods that associate a standard ESMF operation with tie 04

the corresponding Fortran subroutine in their user code.ekample, a user routine called “couplerinit” might be
associated with the standard initialize routine in a Cou@lemponent.

Coupler Components can be written to transform data betagmair of Gridded Components, or a single Coupler
Component can couple more than two Gridded Components.

A Coupler Component manages the transformation of datadsstWomponents. It contains a list of State objects
and the operations needed to make them compatible, ingjudich things as regridding and unit conversion. Coupler
Components are user-written, following prescribed ESMérfaces and, wherever desired, using ESMF infrastructure
tools.

1. No optional arguments. User-written routines called by SetServices, and registéor Initialize, Run and
Finalize,must notdeclare any of the arguments as optional.

2. No Transforms. Components must exchange data throB§VF_St at e objects. The input data are available
at the time the component code is called, and data to be egttonanother component are available when that
code returns.

3. No automatic unit conversions. The ESMF framework does not currently contain tools for gerniing unit
conversions, operations that are fairly standard withioger Components.

1t is not necessary to create a Coupler Component for eadridod| datatransfer.
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4. No accumulator. The ESMF does not have an accumulator tool, to perform tineeaging of fields for cou-
pling. This is likely to be developed in the near term.

7 State Class

7.1 Description

A State contains the data and metadata to be transferreé&efaSMF components. It is an important class, because
it defines a standard for how data is represented in dataféransetween Earth science Components. The State
construct is a rational compromise between a fully prescrimterface - one that would dictate what specific fields
should be transferred between components - and an inténfadsch data structures are completely ad hoc.

There are two types of States, import and export. An impaateStontains data that is necessary for a Gridded
Component or Coupler Component to execute, and an expdg &atains the data that a Gridded Component or
Coupler Component can make available.

States can contain Arrays, ArrayBundles, Fields, FieldBes) and other States. They cannot directly contain Fortra
arrays. Objects in a State must span the VM on which they am@mg. For sequentially executing components which
run on the same set of PETs this happens by calling the objeatecmethods on each PET, creating the object in
unison. For concurrently executing components which amaing on subsets of PETs, an additional reconcile method
is provided by the ESMF to broadcast information about dbjetiich were created in sub-components.

State methods include creation and deletion, adding ani@viety data items, adding and retrieving attributes, and
performing queries.

1. Flags not fully implemented. The flags for indicating various qualities associated watadtems in a State -
validity, whether or not the item is required for restargaawvrite status - are not fully implemented. Although
their defaults can be set, the associated methods forgeitic getting these flags have not been implemented.
(Theneeded flag is fully supported.)

2. No synchronization at object create time.Object IDs are using during the reconcile process to idgwotiF
jects which are unknown to some subset of the PETs in themlyneinning VM. Object IDs are assigned in
sequential order at object create time. User input at desigsrequested there be no communication overhead
during the create of an object, so there is no opportunitymeisronize IDs if one or more PETs create objects
which are not in unison (not all PETs in the VM make the samisxal

Even if the user follows the unison rules, if components arming on a subset of the PETs, when they return
to the parent (calling) component the next available ID witentially not be the same across all PETs in the
VM. Part of the reconcile process or part of the return to taeept will need to have a broadcast which sends
the current ID number, and all PETs can reset the next avaitabmber to the highest number broadcast. This
could be an async call to avoid as much as possible serialivand barrier issues.

Default object names are based on the object id (e.g. "FieltFleld2") to create unique object names, so
basing the detection of unique objects on the name instead thfe object id is no better solution.

7.2 Class API

7.3 C++: Class Interface ESMC_State - C interface to the FO0t&te object (Source File:
ESMC_State.h)

The code in this file defines the public C State
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8 Overview of Infrastructure Data Handling

The ESMF infrastructure data classes are part of the framesvoierarchy of structures for handling Earth system
model data and metadata on parallel platforms. The hieyascim complexity; the simplest data class in the infras-
tructure represents a distributed array and the most conalalia class represents a bundle of physical fields that are
discretized on the same grid. Data class methods are caltbdriom user-written code and from other classes internal
to the framework.

Data classes are distributed oi@Es, orDecomposition Elements A DE represents a piece of a decomposition. A
DELayout is a collection of DEs with some associated cornvigcthat describes a specific distribution. For example,
the distribution of a grid divided into four segments in thdimension would be expressed in ESMF as a DELayout
with four DEs lying along an x-axis. This abstract concepl#as a data decomposition to be defined in terms of
threads, MPI processes, virtual decomposition elementnmbinations of these without changes to user code. This
is a primary strategy for ensuring optimal performance amtiybility for codes using the ESMF for communications.
ESMF data classes are useful because they provide a stamtarenient way for developers to collect together
information related to model or observational data. Therimation assembled in a data class includes a data pointer,
a set of attributes (e.g. units, although attributes camladsuser-defined), and a description of an associated dnigl. T
same set of information within an ESMF data object can be byettie framework to arrange intercomponent data
transfers, to perform 1/O, for communications such as gathed scatters, for simplification of interfaces withinruse
code, for debugging, and for other functions. This unified amganizes codes overall so that the user need not define
different representations of metadata for the same field@and for component coupling.

Since it is critical that users be able to introduce ESMF thtir codes easily and incrementally, ESMF data classes
can be created based on native Fortran pointers. Likewisee tare methods for retrieving native Fortran pointers
from within ESMF data objects. This allows the user to perfallocations using ESMF, and to retrieve Fortran
arrays later for optimized model calculations. The ESMRadddsses do not have associated differential operators or
other mathematical methods.

For flexibility, it is not necessary to build an ESMF data albjall at once. For example, it's possible to create a field
but to defer allocation of the associated field data untiteriame.

Key Features
Hierarchy of data structures designed specifically for thetEsystem domain and high performance, parallel
computing.

Multi-use ESMF structures simplify user code overall.

Data objects support incremental construction and defealtecation.
Native Fortran arrays can be associated with or retrievech FESMF data objects, for ease of adoption,
convenience, and performance.

8.1 Infrastructure Data Classes

The main classes that are used for model and observatiotaah@aipulation are as follows:

e Array An ESMF Array contains a data pointer, information aboua#isociated datatype, precision, and dimen-
sion.

Data elements in Arrays are partitioned into categoriesddfby the role the data element plays in distributed
halo operations. Haloing - sometimes called ghosting -@spttactice of copying portions of array data to mul-
tiple memory locations to ensure that data dependencidseaatisfied quickly when performing a calculation.
ESMF Arrays contain aexclusivedomain, which contains data elements updated exclusivelydafinitively

by a given DE; acomputational domain, which contains all data elements with values tratgdated by the
DE in computations; andtatal domain, which includes both the computational domain ara el@ments from
other DEs which may be read but are not updated in compugation

e ArrayBundle ArrayBundles are collections of Arrays that are stored ifngle object. Unlike FieldBundles,
they don'’t need to be distributed the same way across PETe nittivation for ArrayBundles is both conve-
nience and performance.
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e Field A Field holds model and/or observational data together itstnderlying grid or set of spatial locations.

It provides methods for configuration, initialization, tdgg and retrieving data values, data I/O, data regridding,
and manipulation of attributes.

FieldBundle Groups of Fields on the same underlying physical grid carolleated into a single object called

a FieldBundle. A FieldBundle provides two major functionsallows groups of Fields to be manipulated
using a single identifier, for example during export or impafrdata between Components; and it allows data
from multiple Fields to be packed together in memory for leiglocality of reference and ease in subsetting
operations. Packing a set of Fields into a single FieldBeiheifore performing a data communication allows
the set to be transferred at once rather than as a Field akaTihis can improve performance on high-latency
platforms.

FieldBundle objects contain methods for setting and nétrgeconstituent fields, regridding, data I/O, and re-
ordering of data in memory.

Design and Implementation Notes

. In communication methods such as Regrid, Redist, Scatterthe FieldBundle and Field code cascades down

through the Array code, so that the actual computations Exanly one place in the source.
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9 Field Class

9.1 Description

An ESMF Field represents a physical field, such as temperailre motivation for including Fields in ESMF is that
bundles of Fields are the entities that are normally excedmghen coupling Components.

The ESMF Field class contains distributed, discretized figta, a reference to its associated grid, and metadata. The
Field class maintains the relationship of how a data arragsnwato a grid (e.g. one item per cell located at the cell
center, one item per cell located at the NW corner, one itencglevertex, ...). This means that different Fields which
are on the same underlying ESMF Grid but have different sdggs can share the same Grid object without needing
to replicate it multiple times.

Fields can be added to States for use in inter-Componentdatenunications. Fields can also be added to FieldBun-
dles, which are currently defined as groups of Fields on theesanderlying grid. One motivation for FieldBundles is
convenience; another is the ability to perform optimizelientive data transfers.

Field communications, including data redistribution,ridimg, scatter, and gather, are enabled in this releasdd Fi
halo update operation is not enabled in this release and®&#nabled in subsequent releases.

ESMF does not currently support vector fields, so the compisnef a vector field must be stored as separate Field
objects.

A Field serves as an annotator of data, since it carries aigéen of the grid it is associated with and metadata
such as name and units. Fields can be used in this capacityg,ads convenient, descriptive containers into which
arrays can be placed and retrieved. However, for most cdgeprimary use of Fields is in the context of import
and export States, which are the objects that carry couplifoigmation between Components. Fields enable data
to be self-describing, and a State holding ESMF Fields ¢ositdata in a standard format that can be queried and
manipulated.

The sections below go into more detail about Field usage.

9.1.1 Field Creation and Destruction

Fields can be created and destroyed at any time during apiplicexecution. However, these Field methods require
some time to complete. We do not recommend that the userecogadestroy Fields inside performance-critical
computational loops.

All versions of theESMF_Fi el dCr eat e() routines require a Grid object as input, or require a Grid theed
before most operations involving Fields can be performdte Grid contains the information needed to know which
Decomposition Elements (DESs) are participating in the pssing of this Field, and which subsets of the data are local
to a particular DE.

The details of how the create process happens depends on @ftie variants of th&SM-_Fi el dCr eat e() call

is used. Some of the variants are discussed below.

There are versions of tHeSMF_Fi el dCr eat e() interface which create the Field based on the input Grid. The
ESMF can allocate the proper amount of space but not assigal irmlues. The user code can then get the pointer to
the uninitialized buffer and set the initial data values.

Other versions of th&SMF_Fi el dCr eat e() interface allow user code to attach arrays that have alrbadn
allocated by the user. Empty Fields can also be created ichidase the data can be added at some later time.

For versions of Create which do not specify data values, csge can create an ArraySpec object, which contains
information about the typekind and rank of the data valuethénarray. Then at Field create time, the appropriate
amount of memory is allocated to contain the data which iallt@weach DE.

When finished with &SMF_Fi el d, theESMF_Fi el dDest r oy method removes it. However, the objects inside
the ESM-_Fi el d created externally should be destroyed separately, singets can be added to more than one
ESMF_Fi el d. For example, the santeSM-_Gr i d can be referenced by multipESM-_Fi el ds. In this case the
internal Grid is not deleted by tHeSMF_Fi el dDest r oy call.
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9.2 Class API

9.3 C++: Class Interface ESMC_Field - Public C interface tolhe ESMF Field class (Source
File: ESMC_Field.h)

The code in this file defines the public C Field class and deslarethod signatures (prototypes). The companion file
ESMC_Fi el d. Ccontains the definitions (full code bodies) for the Field nosls.

10 Array Class
10.1 Description

The Array class is an alternative to the Field class for regméng distributed, structured data. Unlike Fields, whic
are built to carry grid coordinate information, Arrays camyocarry information about thndicesassociated with
grid cells. Since they do not have coordinate informatiorrags cannot be used to calculate interpolation weights.
However, if the user can supply interpolation weights (gstnpackage such as SCRIP), the Array sparse matrix
multiply operation can be used to apply the weights and feardata to the new grid. Arrays can also perform
redistribution, scatter, and gather operations.

Like Fields, Arrays can be added to a State and used in im@ponent data communications. Arrays can also be
grouped together into ArrayBundles so that collective apens can be performed on the whole group. One motivation
for this is convenience; another is the ability to schedplénaized, collective data transfers.

From a technical standpoint, tB&&M-_Ar r ay class is an index space based, distributed data storage ktlpsovides
DE-local memory allocations within DE-centric index reggoand defines the relationship to the index space described
by DistGrid. The Array class offers common communicatiotigras within the index space formalism. As part of
the ESMF index space layer Array has close relationshipe®istGrid and DELayout classes.

10.2 Class API
10.3 C++: Class Interface ESMC_Array - Public C interface tothe ESMF Array class
(Source File: ESMC_Array.h)

The code in this file defines the public C Array class and deslarethod signatures (prototypes). The companion file
ESMC_Ar r ay. Ccontains the definitions (full code bodies) for the Array hueats.

11 ArraySpec Class
11.1 Description

An ArraySpec is a very simple class that contains type, kand, rank information about an array. This information is
stored in two parameter3ypeKind describes the data type of the elements in the array andpiresgiision.Rank is

the number of dimensions in the array.

The only methods that are associated with the ArraySpes al@sthose that allow you to set and retrieve this infor-
mation.

11.2 Class API

11.3 C++: Class Interface ESMC_ArraySpec - uniform accesstarrays from F90 and C++
(Source File: ESMC_ArraySpec.h)

The code in this file defines the public C ArraySpec interfeared declares method signatures (prototypes). The
companion fileESMC_Ar r ay Spec. Ccontains the definitions (full code bodies) for the ArraySpeethods.
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12 Grid Class

12.1 Description

The ESMF Grid class is used to describe the geometry andetiization of logically rectangular physical grids. It
also contains the description of the grid’s underlying fogy and the decomposition of the physical grid across the
available computational resources. The most frequent Uise dsrid class is to describe physical grids in user code
so that sufficient information is available to perform ESMEthods such as regridding.

In the current release (v3.1.0) the functionality in thissl is partially implemented. Multi-tile grids are not sagpd,

and edge connectivities are not implemented and defaufted@dic. Other constraints of the current implementation
are noted in the usage section and in the API descriptions.

Key Features
Representation of grids formed by logically rectangulgioas, including uniform and rectilinear grids (e.g.
lat-lon grids), curvilinear grids (e.g. displaced poledgii, and grids formed by connected logically rectangu-
lar regions (e.g. cubed sphere grids) [CONNECTED REGIONEARDT YET SUPPORTED].
Support for 1D, 2D, 3D, and higher dimension grids.

Distribution of grids across computational resources frapel operations - users set which grid dimensipns
are distributed.
Grids can be created already distributed, so that no siregeurce needs global information during the
creation process.
Options to define periodicity and other edge connectivigtiiger explicitly or implicitly via shape shortcut
[EDGE CONNECTIVITIES CURRENTLY DEFAULT TO APERIODIC BOUNB].
Options for users to define grid coordinates themselveslbpiefabricated coordinate generation routirles
for standard grids [NO GENERATION ROUTINES YET].

Options for incremental construction of grids.

Options for using a set of pre-defined stagger locationsmsdtiing custom stagger locations.

(%)

12.1.1 Grid Representation in ESMF

ESMF Grids are based on the concepts describéd $tandard Description of Grids Used in Earth System Models
[Balaji 2006]. In this document Balaji introduces the ma@sasncept as a means of describing a wide variety of Earth
system model grids. Mosaicis composed of grid tiles connected at their edges. Mosdais grcludes simple, single
tile grids as a special case.

The ESMF Grid class is a representation of a mosaic grid. E&MF Grid is constructed of one or more logically
rectangulaTiles. A Tile will usually have some physical significance (e.ge tiegion of the world covered by one
face of a cubed sphere grid).

The piece of a Tile that resides on one DE (for simple case§ adb be thought of as a processor - see section on the
DELayout) is called d.ocalTile. For example, the six faces of a cubed sphere grid are eag$, aihd each Tile can
be divided into many LocalTiles.

Every ESMF Grid contains a DistGrid object, which defines@r&l’s index space, topology, distribution, and con-
nectivities. It enables the user to define the complex edgéarships of tripole and other grids. The DistGrid can be
created explicitly and passed into a Grid creation routiné,can be created implicitly if the user takes a Grid craati
shortcut. Options for grid creation are described in motaitlim sectio{ 12.118. The DistGrid used in Grid creation
describes the properties of the Grid cells. In addition te ¢ime, the Grid internally creates DistGrids for each stagg
location. These stagger DistGrids are related to the alddistGrid, but may contain extra padding to represent the
extent of the index space of the stagger. These DistGridwlaa¢ are used when a Field is created on a Grid.

12.1.2 Supported Grids
The range of supported grids in ESMF can be defined by:

e Types of topologies and shapes supported. ESMF supportsramere logically rectangular grid Tiles with
connectivities specified between cells. For more detadsssetion 12.113.
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Figure 7: Examples of regular and irregular decompositfangrid a that is 6x6, and an arbitrary decomposition of a
grid b that is 6x3.

e Types of distributions supported. ESMF supports regulaegular, or arbitrary distributions of data. For more
details see sectidn 12.1.4.

e Types of coordinates supported. ESMF supports uniforniilirexar, and curvilinear coordinates. For more
details see sectidn 12.1.5.

12.1.3 Grid Topologies and Periodicity

ESMF has shortcuts for the creation of standard Grid topefogrshapesup to 3D. In many cases, these enable the

user to bypass the step of creating a DistGrid before crgtimGrid. The basic callEBSMF_Gr i dCr eat eShapeTi | e() .

With this call, the user can specify for each dimension whethere is no connection, it is periodic, it is a pole, or it

is a bipole. The assumed connectivities for poles and bsépare described in secti@?. Connectivities are specified

using the ESMF_GridConn parameter, which has values suels&¥- GRIDCONN_PERIODIC.

The table below shows the ESMF_GridConn settings used ébeestandard shapes in 2D using the ESMF_GridCreateSHef)eTi
call. Two values are specified for each dimension, one fotdiveend and one for the high end of the dimension’s

index values. Note that connectivities have not been imptesad as of v4.0.0 and default to aperiodic bounds.

2D Shape connDim1(1) | connDim1(2) || connDim2(1) | connDim2(2)
Rectangle NONE NONE NONE NONE
Bipole Sphere POLE POLE PERIODIC PERIODIC
Tripole Sphere POLE BIPOLE PERIODIC PERIODIC
Cylinder NONE NONE PERIODIC PERIODIC
Torus PERIODIC PERIODIC PERIODIC PERIODIC

If the user’s grid shape is too complex for an ESMF shortcuting, or involves more than three dimensions, a
DistGrid can be created to specify the shape in detail. Tieg@id is then passed into a Grid create call.

12.1.4 Grid Distribution

ESMF Grids have several options for data distribution (aéferred to as decomposition). As ESMF Grids are cell
based, these options are all specified in terms of how the icethe Grid are broken up between DEs.

The main distribution options are regular, irregular, angiteary. A regular distribution is one in which the same
number of contiguous grid cells are assigned to each DE idigtgbuted dimension. Aregular distribution is one

in which unequal numbers of contiguous grid cells are assiga each DE in the distributed dimension. &bitrary
distribution is one in which any grid cell can be assignedip@E. Any of these distribution options can be applied to
any of the grid shapes (i.e., rectangle) or types (i.e.ilieear). Support for arbitrary distribution is limited i%.0.0,
See sectio?? for more detail descriptions.

FigurelT illustrates options for distribution.

A distribution can also be specified using the DistGrid, bygiag object into a Grid create call.
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Figure 8: Types of logically rectangular grid tiles. Recctés show the values needed to specify grid coordinates for
each type.

12.1.5 Grid Coordinates

Grid Tiles can have uniform, rectilinear, or curvilinearocdinates. The coordinates ohiform grids are equally
spaced along their axes, and can be fully specified by thedewaies of the two opposing points that define the grid's
physical span. The coordinatesrettilinear grids are unequally spaced along their axes, and can besjdgified

by giving the spacing of grid points along each axis. The dmates ofturvilinear grids must be specified by giving
the explicit set of coordinates for each grid point. Cungfar grids are often uniform or rectilinear grids that have
been warped; for example, to place a pole over a land masati thoes not affect the computations performed on
an ocean model grid. Figuré 8 shows examples of each typédf gr

Any of these logically rectangular grid types can be comthitieough edge connections to form a mosaic. Cubed
sphere and yin-yang grids are examples of mosaic grids. tateas of v4.0.0 multi-tile grids have not yet been
implemented.

Each of these coordinate types can be set for each of theasthgdd shapes described in secfion 12.1.3.

The table below shows how examples of common single Tilesgallinto this shape and coordinate taxonomy. Note
that any of the grids in the table can have a regular or arlgittistribution.

Uniform Rectilinear Curvilinear
Sphere Global uniform lat-lon grid Gaussian grid Displaced pole grid
Rectangle Regional uniform lat-lon grid | Gaussian grid section Polar stereographic grid sec¢-
tion

12.1.6 Coordinate Specification and Generation

There are two ways of specifying coordinates in ESMF. Théwieg is for the user tgetthe coordinates. The second
way is to take a shortcut and have the framewgekeratethe coordinates.

No ESMF generation routines are currently available.

See Sectior?? for more description and examples of setting coordinates.

12.1.7 Staggering

Staggeringis a finite difference technique in which the values of diferphysical quantities are placed at different
locations within a grid cell.

The ESMF Grid class supports a variety of stagger locatimaiyding cell centers, corners, and edge centers. The
default stagger location in ESMF is the cell center, andamihts in Grid are based on this assumption. Combinations
of the 2D ESMF stagger locations are sufficient to specifyditige Arakawa staggers. ESMF also supports staggering
in 3D and higher dimensions. There are shortcuts for stagtaggers, and interfaces through which users can create
custom staggers.

28



As a default the ESMF Grid class provides symmetric staggeso that cell centers are enclosed by cell perimeter
(e.g. corner) stagger locations. This means the coordaradgs for stagger locations other than the center will have
an additional element of padding in order to enclose theamiter locations. However, to achieve other types of
staggering, the user may alter or eliminate this paddingdiryg.the appropriate options when adding coordinates to a
Grid.

In v4.0.0, only the cell center stagger location is supbfe an arbitrarily distributed grid. For examples and & ful
description of the stagger interface see Sectian

12.1.8 Options for Building Grids

ESMF Grid objects must represent a wide range of grid typdsiaa cases, some of them quite complex. As a result,
multiple ways to build Grid objects are required. This smttilescribes the stages to building Grids, the options for
each stage, and typical calling sequences.

In ESMF there are two main stages to building Grids. E&&F_Gri dSt at us value stored within the Grid object
reflects the stage the Grid has attained (see SeefpiThese stages are:

1. Create the Grid topology or shape. At the completion &f stige, the Grid has a specific topology and distribu-
tion, but empty coordinate arrays. The Grid can be used dsat$ie for allocating a Field. IESMF_Gri dSt at us
parameter has a value BEM-_GRI DSTATUS _SHAPE_READY.

The options for specifying the Grid shape are:

e Use theESMF_Gri dCr eat eShapeTi | e() shortcut method to specify the Grid size and dimension,
and to select from a limited set of edge connectivities.

e Create a DistGrid using thESM-_Di st G'i dCr eat e() method. This enables the user to specify
connectivities in greater detail than usiB§VF_Gr i dCr eat eShapeTi | e() . Then pass the DistGrid
into a generaESM-_G i dCr eat e() method.

2. Specify the Grid coordinates and any other informatiaquieed for regridding (this can vary depending on
the particular regridding method). At the completion ofstktage, the Grid can be used in a regridding op-
eration (once Grid is connected to regrid; as of v3.1.0, a¢). ItsESMF_Gri dSt at us has a value of
ESMF_GRI DSTATUS_REGRI D_READY.

When creating the Grid shape and specifying the Grid coatds) the user can either specify all required information
at once, or can provide information incrementally. The &3M-_Gri dCr eat eEnpt y() builds a Grid object
container that can be filled in with a subsequent call toBSMF G i dSet Conmi t ShapeTi | e() method. The
ESMF_Gri dSet Conmi t ShapeTi | e() creates the grid and sets the appropriate flag to indicaté@shesable (the
status equal&SMF_GRI DSTATUS_SHAPE_READY after the commit). The Grid is implicitly in a valid state eift
being committed.

For consistency’s sake tlESM-_Gri dSet Conmi t ShapeTi | e() call must occur on the same or a subset of the
PETs as th&SMF_Gr i dCr eat eEnpt y() call. TheESM-_Gri dSet Conmi t ShapeTi | e() call uses the VM
for the context in which it's executed and the "empty" Grishtzons no information about the VM in which it was run.
IftheESMF_Gri dSet Commi t ShapeTi | e() call occursinasubset ofthe PETs inwhichBg8VF_ G i dCr eat eEnpt y()
was executed, the Grid is created only in that subset. Tldeodpjects outside the subset will still be "empty" and not
usable.

The following table summarizes possible call sequencebuiding Grids.
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Create Shape

From shape shortcut

grid = ESMF_G'i dCreat eShapeTile(...)
Using DistGrid with general create interface
distgrid = ESM-_DistGidCreate(...)

grid = ESMF GidCreate(distgrid, ...)
Incremental

grid = ESMF_GidCreateEnpty(...)

call ESMF_Gri dSet Commi t ShapeTile(grid, ...)

Set Coordinates
Set coordinates by copy or reference

call ESMF_GridSet Coord(grid, ...)
Retrieve ESMF Array of coordinates from Grid and set values
call ESMF_GidGet Coord(grid, esnfArray, ...), set values

Retrieve local bounds and native array from Grid and set galu
call ESMF_GidGetCoord(grid, |bound, ubound, array), set val ues

12.2 Class API: General Grid Methods

12.3 C++: Class Interface ESMC_Grid - Public C interface to he Grid object (Source File:
ESMC_Grid.h)

The code in this file defines the C public Grid class and deslarethod signatures (prototypes). The companion file
ESMC_Grid.C contains the definitions (full code bodies)tfag Grid methods.

USES:
#i nclude "ESMCI _Grid. h"

extern "C' {

cl ass decl aration type
typedef struct {
ESMCl:: Gid *grid;

13 LocStream Class

13.1 Description

A location stream (LocStream) is used to represent theitmtsabf a set of data points. The values of the data points
are stored within a Field or FieldBundle created using theStceam.

In the data assimilation world, LocStreams can be thoughsd set of observations. Their locations are generally
described using Cartesian (x, vy, z), or (lat, lon, heighgrdinates. There is no assumption of any regularity in the
positions of the points. To make the concept more genemlottations for each data point are represented using a
construct called Keys, which can include other descripgbessdes location.

Although Keys are similar in concept to ESMF Attributes thewe important differences. First, Keys always occur
as vectors, never as scalars. Second, Keys are local to theddk DE can have a different Key list with a different
number of of elements. Third, the local Key list always hassthime number of elements as there are local observations
on that DE. Finally, Keys may be used for the distribution otBtreams. As such, they must be defined before the
LocStream is distributed.

LocStreams can be very large. Data assimilation systembtmige LocStreams with up tt0® observations, so
efficiency is critical.
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Common operations involving LocStreams are similar to ¢hiosolving Grids. In data assimilation, for example,
there is an immediate need to:

Create a Field or FieldBundle on a LocStream.
Redistribute data between Fields defined on LocStreams.
Gather a bundle of data defined on a LocStream to a root DB(fput). Similarly, scatter from a root DE.

Halo region exchange for a Field defined by a haloed LoeS8tre

L

Extract Fortran array from Field which was defined by a Ltoesn.

The operations on the Fortran arrays underlyinng LocStseara usually simple numerical ones. However, it is
necessary to sort them in place, and access only portiomedhem. It would not be efficient to continually create
new LocStreams to reflect this sorting. Instead, the sortimganaged by the application through permutation arrays
while keeping the data in place. Locations can become wgatig., if the quality control asserts that observation is
invalid. This can be managed again by the application thnongsks.

13.1.1 How is a LocStream different than a Grid?

A LocStream differs from a Grid in that no topological sturet is maintained between the points (e.g. the class
contains no information about which point is the neighbowbfch other point).

13.1.2 How is a LocStream different than a Mesh?

A Mesh consists of irregularly positioned points, but it sasnectivity also: each data point has a set of neighboring
data points. There is no requirement that the points in a trea$ have connectivity, indeed any particular spatial

relationship to one another. Due to their heritage from dagimilation, many of the operations on LocStreams do not
resemble typical operations on Meshes, for example in &firotume or finite-element code.

14 Mesh Class

14.1 Description

Unstructured grids are commonly used in the computatioolattion of Partial Differential equations. These are
especially useful for problems that involve complex geamethere using the less flexible structured grids can result
in grid representation of regions where no computation &ded. Finite element and finite volume methods map
naturally to unstructured grids and are used commonly irdlgdy, ocean modeling, and many other applications.

In order to provide support for application codes using wtstired grids, the ESMF library provides a class for
representing unstructured grids calledkiesh. Fields can be created on a Mesh to hold data. Fields createtesh
can also be used as either the source or destination or bathinterpolaton (i.e. aBSM-_Fi el dRegri dSt or e()

call) in ESMF allowing data to be moved to or from or betweesturctured grids. This section describes the Mesh
and how to create and use them in ESMF.

14.1.1 Mesh Representation in ESMF

A Mesh in ESMF is described in terms nbdesandelements A node is a point in space which represents where the
coordinate information in a Mesh is located. This is also reHéeld data may be located in a Mesh (i.e. Fields may

be created on a Mesh's nodes). An element is a higher dimzaisibape constructed of nodes. Elements give a Mesh
its shape and define the relationship of the nodes to one@moth
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14.1.2 Supported Meshes

The range of Meshes supported by ESMF are defined by sevetatdadimension, element types, and distribution.
ESMF currently only supports Meshes whose number of coatdidimensions (spatial dimension) is 2 or 3. The
dimension of the elements in a Mesh (parametric dimensiarst e less than or equal to the spatial dimension, but
also must be either 2 or 3. This means that an ESMF mesh mayhae 2D elements in 2D space, 3D elements in
3D space, or a manifold constructed of 2D elements embedd&d space.

ESMF currently supports two types of elements for each Mesarpetric dimension. For a parametric dimension of
2 the supported element types are triangles or quadrdmtéi@r a parametric dimension of 3 the supported element
types are tetrahedrons and hexahedrons. See Sé&&imn diagrams of these. The Mesh supports any combination
of element types within a particular dimension, but typestfdifferent dimensions may not be mixed, for example, a
Mesh cannot be constructed of both quadralaterals andhéstra.

ESMF currently only supports distributions where everyaod a PET must be a part of an element on that PET. In
other words, there must not be nodes without an element orTa PE

14.2 Class API
15 DistGrid Class

15.1 Description

The ESMF_Di st Gri d class sits on top of the DELayout class and holds domain rimdgion in index space. A
DistGrid object captures the index space topology and descits decomposition in terms of DEs. Combined with
DELayout and VM the DistGrid defines the data distributioracdomain decomposition across the computational
resources of an ESMF component.

The global domain is defined as the union or “patchwork” ofidally rectangular (LR) sub-domains patches
The DistGrid create methods allow the specification of suplatahwork global domain and its decomposition into
exclusive, DE-local LR regions according to various degrekuser specified constraints. Complex index space
topologies can be constructed by specifying connectiatiogiships between patches during creation.

The DistGrid class holds domain information for all DEs. E&E is associated with a local LR region. No overlap of
the regions is allowed. The DistGrid offers query methoadd #llow DE-local topology information to be extracted,
e.g. for the construction of halos by higher classes.

A DistGrid object only contains decomposable dimensiofe minimum rank for a DistGrid objectis 1. A maximum
rank does not exist for DistGrid objects, however, rankatmethan 7 may lead to difficulties with respect to the
Fortran API of higher classes based on DistGrid. The rank@E&ayout object contained within a DistGrid object
must be equal to the DistGrid rank. Higher class objectsubatthe DistGrid, such as an Array object, may be of
different rank than the associated DistGrid object. Thééiglass object will hold the mapping information between
its dimensions and the DistGrid dimensions.

15.2 Class API

15.3 C++: Class Interface ESMC_DistGrid - Public C interfae to the ESMF DistGrid class
(Source File: ESMC_DistGrid.h)

The code in this file defines the public C DistGrid class andades method signatures (prototypes). The companion
file ESMC_Di st G i d. Ccontains the definitions (full code bodies) for the DistGridthods.
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Part IV
Infrastructure: Utilities
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16 Overview of Infrastructure Utility Classes

The ESMF utilities are a set of tools for quickly assemblingdaling applications. The Time Management Library
provides utilities for time and date representation andutation, and higher-level utilities that control modehé
stepping and alarming.

The Array class offers an efficient, language-neutral wastofing and manipulating data arrays.

The Communications/Memory/Kernel library provides tig for isolating system-dependent functions to ease plat
form portability. It provides services to represent a gair machine’s characteristics and to organize these into
processor lists and layouts to allow for optimal allocatafimesources to an ESMF component. Also provided is a
unified interface for system-dependent communicationiseswsuch as MPI or pthreads.

ESMF Configuration Management is based on NASA DAQO’s Inpadkpge, a collection of routines for accessing
files containing input parameters stored in an ASCII format.
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17 Time Manager Utility

The ESMF Time Manager utility includes software for time atate representation and calculations, model time
advancement, and the identification of unique and periogdots. Since multi-component geophysical applications
often require synchronization across the time managembatses of the individual components, the Time Manager’s
standard calendars and consistent time representatiampeacomponent interoperability.

Key Features
Drift-free timekeeping through an integer-based intetimaé representation. Both integers and reals can be
specified at the interface.
The ability to represent time as a rational fraction, to sarppxact timekeeping in applications that involye
grid refinement.

Support for many calendar types, including user-custothizéendars.
Support for both concurrent and sequential modes of comypa@xecution.
Support for varying and negative time steps.

17.1 Time Manager Classes
There are five ESMF classes that represent time concepts:

e Calendar A Calendar can be used to keep track of the date as an ESMFed@r@idmponent advances in time.
Standard calendars (such as Gregorian and 360-day) anrdpesgfied calendars are supported. Calendars can
be queried for quantities such as seconds per day, days pehnamd days per year.

e Time A Time represents a time instant in a particular calendat sis November 28, 1964, at 7:31pm EST in
the Gregorian calendar. The Time class can be used to repthsestart and stop time of a time integration.

e Timelnterval Timelntervals represent a period of time, such as 300 mdbsads. Time steps can be represented
using Timelntervals.

e Clock Clocks collect the parameters and methods used for modeldthwancement into a convenient package.
A Clock can be queried for quantities such as start time, sto@, current time, and time step. Clock methods
include incrementing the current time, and determiningig time to stop.

e Alarm Alarms identify unique or periodic events by “ringing” - behing a true value - at specified times. For
example, an Alarm might be set to ring on the day of the yeandwves start falling from the trees in a climate

model.

August 2003 The ESMF Time Manager utility includes software to manage model calendars, advance
model time, and perform time and date calculations. The software classes that handle
these functions areTimes, Timelntervals , Clocks, Alarms , andCalendars.
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In the remainder of this section, we briefly summarize thefiomality that the Time Manager classes provide. De-
tailed descriptions and usage examples precede the AiRblistr each class.

17.2 Calendar

An ESMF Calendar can be queried for seconds per day, days@&hrand days per year. The flexible definition of
Calendars allows them to be defined for planetary bodiegs tithe Earth. The set of supported calendars includes:

Gregorian The standard Gregorian calendar.

no-leap The Gregorian calendar with no leap years.

Julian The standard Julian date calendar.

Julian Day The standard Julian days calendar.

Modified Julian Day The Modified Julian days calendar.

360-day A 30-day-per-month, 12-month-per-year calendar.

no calendar Tracks only elapsed model time in hours, minutes, seconds.

See Section 181 for more details on supported standamddzaie and how to create a customized ESMF Calendar.

17.3 Time Instants and Timelntervals

Timelntervals and Time instants (simply called Times) & ¢omputational building blocks of the Time Manager
utility. Timelntervals support operations such as addirsuh, compare size, reset value, copy value, and subdivide
by a scalar. Times, which are moments in time associatedspéhific Calendars, can be incremented or decremented
by Timelntervals, compared to determine which of two Tingekier, differenced to obtain the Timelnterval between
two Times, copied, reset, and manipulated in other usefybwaimes support a host of different queries, both for
values of individual Time components such as year, month, alad second, and for derived values such as day of
year, middle of current month and Julian day. It is also fgmedb retrieve the value of the hardware realtime clock in
the form of a Time. See Sections 19.1 gnd P0.1, respectieglyse and examples of Times and Timelntervals.

Since climate modeling, numerical weather prediction ahéicEarth and space applications have widely varying time
scales and require different sorts of calendars, Times andIftervals must support a wide range of time specifiers,
spanning nanoseconds to years. The interfaces to theseltisses are defined so that the user can specify a time
using a combination of units selected from the list shownahl&??.

17.4 Clocks and Alarms

Although it is possible to repeatedly step a Time forward Byraelnterval using arithmetic on these basic types, it is
useful to identify a higher-level concept to represent thisction. We refer to this capability as a Clock, and include
in its required features the ability to store the start ang simes of a model run, to check when time advancement
should cease, and to query the value of quantities such asithent time and the time at the previous time step. The
Time Manager includes a class with methods that return aslue when a periodic or unique event has taken place;
we refer to these as Alarms. Applications may contain temmuyoor multiple Clocks and Alarms. Sectidns 21.1 and
[22.1 describe the use of Clocks and Alarms in detail.
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18 Calendar Class

18.1 Description

The Calendar class represents the standard calendarsnugedphysical modeling: Gregorian, Julian, Julian Day,
Modified Julian Day, no-leap, 360-day, and no-calendafstt supports a user-customized calendar. Brief descriptio
are provided for each calendar below. For more informatiostandard calendars, se@] and [?7].

18.2 Class API

18.2.1 ESMC_CalendarCreate - Create a Calendar

INTERFACE:

ESMC _Cal endar ESMC _Cal endar Cr eat e(const char =*nane,
enum ESMC _Cal endar Type cal endar Type, int =*rc);

ARGUMENTS :

char nane,

enum ESMC_Cal endar Type cal endar Type,
int xrc

DESCRIPTION:

Create a Calendar of calendar type.

18.2.2 ESMC_CalendarDestroy - Destroy a Calendar

INTERFACE:
i nt ESMC_Cal endar Dest r oy( ESMC_Cal endar =*cal endar);

ARGUMENTS
ESMC Cal endar =cal endar

DESCRIPTION:

Destroy a Calendar.

18.2.3 ESMC_CalendarPrint - Print a Calendar

INTERFACE:
i nt ESMC Cal endar Pri nt (ESMC_Cal endar cal endar);

ARGUMENTS
ESMC _Cal endar cal endar

DESCRIPTION:

Print a Calendar.
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19 Time Class

19.1 Description

A Time represents a specific point in time. In order to accomat®the range of time scales in Earth system applica-
tions, Times in the ESMF an be specified in many different wysn years to nanoseconds. The Time interface is
designed so that you select one or more options from a lisina tinits in order to specify a Time. The options for
specifying a Time are shown in Tal?e.

There are Time methods defined for setting and getting a Timaegsmenting and decrementing a Time by a Timeln-
terval, taking the difference between two Times, and compafimes. Special quantities such as the middle of the
month and the day of the year associated with a particulae Tiam be retrieved. There is a method for returning the
Time value as a string in the ISO 8601 format YYYY-MM-DDThhmrss [7].

A Time that is specified in hours, minutes, seconds, or sumgkintervals does not need to be associated with a stan-
dard calendar; a Time whose specification includes timeswfi& day and greater must be. The ESMF representation
of a calendar, the Calendar class, is described in Sdcfidh TheESM-_Ti neSet method is used to initialize a
Time as well as associate it with a Calendar. If a Time metlkddvioked in which a Calendar is necessary and one
has not been set, the ESMF method will return an error canditi

In the ESMF the Timelnterval class is used to represent tier@g@s. This class is frequently used in combination
with the Time class. The Clock class, for example, advanaatettime by incrementing a Time with a Timelnterval.

19.2 Class API

19.3 C++: Class Interface ESMC_Time - Public C interface tolhe ESMF Time class (Source
File: ESMC_Time.h)

The code in this file defines the public C Time interfaces arutedes method signatures (prototypes). The companion
file ESMC_Ti me. Ccontains the definitions (full code bodies) for the Time noelth
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20 Timelnterval Class

20.1 Description

A Timelnterval represents a period between time instahtzar be either positive or negative. Like the Time interface
the Timelnterval interface is designed so that you can ahoog or more options from a list of time units in order to
specify a Timelnterval. See Sectign _17.3, TaBefor the available options.

There are Timelnterval methods defined for setting andrggttiTimelnterval, for incrementing and decrementing a
Timelnterval by another Timelnterval, and for multiplyiagd dividing Timelntervals by integers, reals, fractiond a
other Timelntervals. Methods are also defined to take thelatesvalue and negative absolute value of a Timelnterval,
and for comparing the length of two Timelntervals.

The class used to represent time instants in ESMF is Timethasdlass is frequently used in operations along with
Timelntervals. For example, the difference between twoeErs a Timelnterval.

When a Timelnterval is used in calculations that involvelasodute reference time, such as incrementing a Time with a
Timelnterval, calendar dependencies may be introduceelleffgth of the time period that the Timelnterval represents
will depend on the reference Time and the standard calehdars associated with it. The calendar dependency
becomes apparent when, for example, adding a Timelntefviabay to the Time of February 28, 1996, at 4:00pm
EST. In a 360 day calendar, the resulting date would be FepA® 1996, at 4:00pm EST. In a no-leap calendar, the
result would be March 1, 1996, at 4:00pm EST.

Timelntervals are used by other parts of the ESMF timekeegyistem, such as Clocks (Section 21.1) and Alarms
(Sectior 22.11).

20.2 Class API

20.3 C++: Class Interface ESMC_Timelnterval - Public C inteface to the ESMF Timeln-
terval class (Source File: ESMC_Timelnterval.h)

The code in this file defines the public C Timelnterval inteefa and declares method signatures (prototypes). The
companion fileESMC_Ti nel nt er val . Ccontains the definitions (full code bodies) for the Timehatd methods.
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21 Clock Class
21.1 Description

The Clock class advances model time and tracks its assdaate on a specified Calendar. It stores start time, stop
time, current time, previous time, and a time step. It cap atere a reference time, typically the time instant at
which a simulation originally began. For a restart run, #ference time can be different than the start time, when the
application execution resumes.

A user can call th&SM-_C ockSet method and reset the time step as desired.

A Clock also stores a list of Alarms, which can be set to flagnev¢hat occur at a specified time instant or at a
specified time interval. See Sectlon 22.1 for details on hwouse Alarms.

There are methods for setting and getting the Times and Alassociated with a Clock. Methods are defined for
advancing the Clock’s current time, checking if the stopetimas been reached, reversing direction, and synchronizing
with a real clock.

21.2 Class API

21.3 C++: Class Interface ESMC_Clock - Public C interface tothe ESMF Clock class
(Source File: ESMC_Clock.h)

The code in this file defines the public C Clock interfaces aradates method signatures (prototypes). The companion
file ESMC_C ock. Ccontains the definitions (full code bodies) for the Clock noets.
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22 Alarm Class
22.1 Description

The Alarm class identifies events that occur at specific Tiorespecific Timelntervals by returning a true value at
those times or subsequent times, and a false value otherwise

22.2 Class API
23 Config Class

23.1 Description

ESMF Configuration Management is based on NASA DAQ’s Inpakp@6bkage, a Fortran 90 collection of rou-
tines/functions for accessingesource Filesn ASCII format.The package is optimized for minimizing fieatted
I/O, performing all of its string operations in memory uskgrtran intrinsic functions.

ModuleESMF_ConfigMod is implemented in Fortran.

23.1.1 Package History

The ESMF Configuration Management Package was evolved hyid &@aslavsky and Arlindo da Silva from Ipack90
package created by Arlindo da Silva at NASA DAO.

Back in the 70’s Eli Isaacson wrote IOPACK in Fortran 66. Indwf 1987 Arlindo da Silva wrote Inpak77 using For-
tran 77 string functions; Inpak 77 is a vastly simplified IGR but has its own goodies not found in IOPACK. Inpak
90 removes some obsolete functionality in Inpak77, andgsatse whole resource file in memory for performance.

23.2 Class API

23.3 C++: Class Interface ESMC_Config - C++ interface to the $0 Config object (Source
File: ESMC_Config.h)

The code in this file defines the C++ Config members and dedfaetisod signatures (prototypes). The companion
file ESMC_Config.C contains the definitions (full code bojlfes the Config methods.

24 LogErr Class
24.1 Description

The Log class consists of a variety of methods for writingperwarning, and informational messages to files. A
default Log is created at ESMF initialization. Other Logs te created later in the code by the user. Most LogErr
methods take a Log as an optional argument and apply to tlagildlebg when another Log is not specified. A set of
standard return codes and associated messages are priovidedr handling.

LogErr provides capabilities to store message entries infieh) which is flushed to a file, either when the buffer
is full, or when the user calls aBSM-_LogF| ush() method. Currently, the default is for the Log to flush after
every ten entries. This can easily be changed by usinB3\&_LogSet () method and setting theaxEl erment s
property to another value. THESMF_LogFl ush() method is automatically called when the program exits by any
means (program completion, halt on error, or when the Lo¢pised).

The user has the capability to halt the program on an erron@ warning by using thESM-_LogSet () method
with thehal t property. When thdal t property is set t&ESM-_LOG_HALTWARNI NG, the program will stop on
any and all warning or errors. When thal t property is set t&eSM-_LOG_HALTERROR, the program will only halt
only on errors. Lastly, the user can choose to never halt tingehehal t property toESMF_LOG_HALTNEVER;

this is the default.
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LogErr will automatically put the PET number into the Log.s8] the user can either specEBsM- LOG S| NGLE
which writes all the entries to a single Log BEM-_LOG_MJULTI which writes entries to multiple Logs according
to the PET number. To distinguish Logs from each other whémgusSMF_LOG_MJULTI , the PET number (in the
formatPETx. ) will be prepended to the file name where x is the PET number.

Opening multiple log files and writing log messages fromladl processors may affect the application performance
while running on a large number of processors. For that reedS8M~_LOG_NONE is provided to switch off the
LogErr capability. All the LogErr methods have no effectlie ESM-_LOG_NONE mode.

Other options that are planned for LogErr are to adjust thlbogity of ouput, and to optionally write tet dout
instead of file(s).

24.2 Class API

24.3 C++: Class Interface ESMC_LogErr - Public C interface b the ESMF LogErr class
(Source File: ESMC_LogErr.h)

The code in this file defines the public C LogErr interface aadares all class data and methods. All methods are
defined in the companion file ESMC_LogErr.C

USES:

#i ncl ude "ESM-_LogConstants.inc"
#i ncl ude "ESM-_Err Ret ur nCodes. i nc"

#i fdef __cplusplus
extern "C'{
#endi f

Cl ass declaration type
typedef struct{
void *ptr;
} ESMC LogErr;

C ass API
int ESMC LogWite(const char nsg[], int negtype);

#i fdef __cplusplus
} // extern "C
#endi f

enum ESMC_MsgType{ ESMC_LOG | NFO=1, ESMC_LOG WARN=2, ESMC_LOG_ERROR=3} ;
enum ESMC _LogType{ ESMC_LOG_SI NGLE=1, ESMC LOG MJLTI =2, ESMC_LOG _NONE=3};
int ESMC LogFinalize();

const char *ESMC LogGet ErrMsg(int rc);

int ESMC LogSet Fi |l enane(char fil enane[]);

void ESMC Ti meStanp(int *y,int* m,int =d,int *h,int *mint *s,int *ns);

25 DELayout Class

25.1 Description

The DELayout class provides an additional layer of abstaain top of the Virtual Machine (VM) layer. DELayout
does this by introducing DEs (Decomposition Elements) gicd resource units. The DELayout object keeps track
of the relationship between its DEs and the resources ofaheciated VM object.
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The relationship between DEs and VM resources (PETs (RemsiExecution Threads) and VASs (Virtual Address
Spaces)) contained in a DELayout object is defined duringréation and cannot be changed thereafter. There are,
however, a number of hint and specification arguments thmabeaised to shape the DELayout during its creation.
Contrary to the number of PETs and VASs contained in a VM dbjelkich are fixed by the available resources, the
number of DEs contained in a DELayout can be chosen freelggbrbatch the computational problem or other design
criteria. Creating a DELayout with less DEs than there aré<”iB the associated VM object can be used to share
resources between decomposed objects within an ESMF canpd@reating a DELayout with more DEs than there
are PETs in the associated VM object can be used to evenijigrathe computation over the available resources.
The simplest case, however, is where the DELayout conthgnsame number of DEs as there are PETs in the associ-
ated VM context. In this case the DELayout may be used tolyveltae hardware and operating system resources held
by the VM. For instance, it is possible to order the resouscethat specific DEs have best available communication
paths. The DELayout will map the DEs to the PETs of the VM adutuy to the resource details provided by the VM
instance.

Furthermore, general DE to PET mapping can be used to offapatational resources with finer granularity than
the VM does. The DELayout can be queried for computationdl@ammunication capacities of DEs and DE pairs,
respectively. This information can be used to best utillze DE resources when partitioning the computational
problem. In combination with other ESMF classes general EET mapping can be used to realize cache blocking,
communication hiding and dynamic load balancing.

Finally, the DELayout layer offers primitives that allow @ queue style dynamic load balancing between DEs.

25.2 Class API
26 VM Class
26.1 Description

The ESMF_VM(Virtual Machine) class is a generic representation of waré and system software resources. There
is exactly one VM object per ESMF Component, providing theaexion environment for the Component code. The
VM class handles all resource management tasks for the Cuampolass and provides a description of the underlying
configuration of the compute resources used by a Component.

In addition to resource description and management, the VAgsmffers the lowest level of ESMF communication
methods. The VM communication calls are very similar to MPé4ta references in VM communication calls must
be provided as raw, language specific, one-dimensionatigraus data arrays. The similarity between VM and
MPI communication calls is striking and there are many egjeint point-to-point and collective communication calls.
However, unlike MPI, the VM communication calls support comnication between threaded PETs in a completely
transparent fashion.

Many ESMF applications do not interact with the VM class dilevery much. The resource management aspect
is wrapped completely transparent into the ESMF Componamtept. Often the only reason that user code queries
a Component object for the associated VM object is to inqaieut resource information, such as thecal Pet

or thepet Count . Further, for most applications the use of higher level camiration APls, such as provided by
Array and Field, are much more convenient than using the éollVM communication calls.

The basic elements of a VM are called PETs, which stands ficigtent Execution Threads. These are equivalent to
OS threads with a lifetime of at least that of the associatedponent. All VM functionality is expressed in terms of
PETSs. In the simplest, and most common case, a PET is equitalan MPI process. However, ESMF also supports
multi-threading, where multiple PETs run as Pthreads eié@ same virtual address space (VAS).

The resource management functions of the VM class beconi#evishen a component, or the driver code, creates
sub-components. Secti@? discusses this aspect from the Superstructure perspaatiarovides links to the relevant
Component examples in the documentation.

There are two parts to resource management, the parentedkitth. WWhen the parent component creates a child com-
ponent, the parent VM object provides the resources on vthehhild is created witkESM-_Gr i dConpCr eat e()

or ESMF_Cpl ConpCr eat e() . The optionabet Li st argument to these calls limits the resources that the parent
gives to a specific child. The child component, on the othadhmay specify - during its optionBEMF_<Gr i d/ Cpl >ConpSet VM)
method - how it wants to arrange the inherited resourcesiovitn VM. After this, all standard ESMF methods of
the Component, includingSM-_<Gri d/ Cpl >ConpSet Ser vi ces() , will execute in the child VM. Notice that
the ESM-_<Gri d/ Cpl >ConpSet VM ) routine, although part of the child Component, must exebaferethe
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child VM has been started up. It runs in the parent VM contakte child VM is created and started up just before
the user-written set services routine, specified as an asgutaESM-_<G i d/ Cpl >ConpSet Ser vi ces(), is
entered.

26.2 Class API

26.3 C++: Class Interface ESMC_VM - Public C interface to theESMF VM class (Source
File: ESMC_VM.h)

The code in this file defines the public C VM class and declarethad signatures (prototypes). The companion file
ESMC_VM Ccontains the definitions (full code bodies) for the VM method
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27 References
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Part V
Appendices

28 Appendix A: A Brief Introduction to UML

The schematic below shows the Unified Modeling Language (YUMitation for the class diagrams presented in this
Reference ManualFor more on UML, see references suchTée Unified Modeling Language Reference Manual
Rumbaugh et al,7].

Public class. This is a class whose methods can be called by the user. In Fortran
ClassA . . . . ) .

a public class is usually associated with a derived type and a corresponding

module that contains class methods and flags.

Private class. This type of class does not have methods that should be called by
ClassB the user. Like a public class it is usually associated with a derived type and a

corresponding module.

A line indicates some sort of association among classes.

A hollow diamond at one end of a line drawn between classes represents an
association called aggregation. Aggregation is a part-whole relationship that can

S be read as “the class at the end of the line without the diamond is part of the class
at the end of the line with the diamond.” The class that is the “part” can be
created and destroyed separately, and it is usually implemented as a reference
contained with the structure of the class that is the “whole.”

A filled diamond at one end of a line drawn between classes represents an
association called composition. Composition is a part-whole relationship that is

o—— similar to aggregation, but stronger. It implies that that class that is the “part” is
created and destroyed by the class that is the “whole.” It is often implemented as
a structure within part of the contiguous memory of a larger structure.

1 1.n Multiplicity indicators at association line ends show how many classes on the one
end are associated with how many classes on the other end.

Comp

The triangle indicates an inheritance relationship. Inheritance means that a child
i|k class shares a set of characteristics (such as the same attributes or methods) with a
parent class. The child can specialize and extend the behavior of the parent. This

GridComp diagram shows a GridComp class that inherits from a more general Comp class.

This simple diagram shows that a public class called Field is associated with
another public class, called Grid. The aggregation relationship indicated by the
unfilled diamond means that a Field contains a Grid, but that a Grid can be
created and destroyed outside of a Field. The diagram multiplicities show that a
Field can be associated with no Grid or with one Grid, but that a single Grid can
be associated with any number of Fields.
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29 Appendix B: ESMF Error Return Codes

The tables below show the possible error return codes fdraroand C++ methods.

Success/ Fai lure Return codes for both Fortran and C++

ESMF_SUCCESS 0
ESMF_FAI LURE -1

ESMF_RC_OBJ_BAD 1
ESMF_ RC OBJ_INIT 2
ESMF_RC_OBJ_CREATE 3
ESMF_RC_OBJ_COR 4
ESMF_RC_OBJ_WRONG 5
ESMF_RC_ARG_BAD 6
ESMF_RC_ARG_RANK 7
ESMF_RC_ARG S| ZE 8
ESMF_RC_ARG_VALUE 9
ESMF_RC_ARG_DUP 10
ESMF_RC_ARG_SAMETYPE 11
ESMF_RC_ARG_SAMECOWM 12
ESMF_RC_ARG_| NCOVP 13
ESMF_RC_ARG_CORRUPT 14
ESMF_RC_ARG_WRONG 15
ESMF_RC_ARG OUTOFRANGE 16
ESMF_RC_ARG_OPT 17
ESMF_RC_NOT_I MPL 18
ESMF_RC_FI LE_OPEN 19
ESMF_RC_FI LE_CREATE 20
ESMF_RC_FI LE_READ 21
ESMF_RC _FI LE_WRI TE 22
ESMF_RC_FI LE_UNEXPECTED 23
ESMF_RC_FI LE_CLOSE 24
ESMF_RC_FI LE_ACTI VE 25
ESMF_RC_PTR_NULL 26
ESMF_RC_PTR_BAD 27
ESMF_RC_PTR_NOTALLOC 28
ESMF_RC_PTR_| SALLOC 29
ESMF_RC_MEM 30
ESMF_RC_MEM ALLOCATE 31
ESMF_RC_MEM DEALLOCATE 32
ESMF_RC_MEMC 33
ESMF_RC_DUP_NAME 34
ESMF_RC_LONG_NAVE 35
ESMF_RC_LONG_STR 36
ESMF_RC_COPY_FAI L 37
ESMF_RC DI V_ZERO 38
ESMF_RC_CANNOT_GET 39
ESMF_RC_CANNOT_SET 40
ESMF_RC_NOT_FOUND 41
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ESMF_RC_NOT_VALI D 42

ESMF_RC_| NTNRL_LI ST 43
ESMF_RC_| NTNRL_| NCONS 44
ESMF_RC_| NTNRL_BAD 45
ESMF_RC_SYS 46
ESMF_RC_BUSY 47
ESMF_RC LI B 48
ESMF_RC LI B_NOT_PRESENT 49
ESMF_RC_ATTR_UNUSED 50
ESMF_RC_OBJ_NOT_CREATED 51
ESMF_RC_OBJ_DELETED 52
ESMF_RC_NOT_SET 53
ESMF_RC_VAL_WRONG 54
ESMF_RC_VAL_ERRBOUND 55
ESMF_RC _VAL_OUTOFRANGE 56
ESMF_RC_ATTR_NOTSET 57
ESMF_RC_ATTR WRONGTYPE 58
ESMF_RC_ATTR_| TEMSOFF 59
ESMF_RC_ATTR_LI NK 60
ESMF_RC_BUFFER_SHORT 61

62-499 reserved for future Fortran symetric return code definitions

ESMC_RC_OBJ_BAD 501
ESMC_ RC OBJ_INIT 502
ESMC_RC_OBJ_CREATE 503
ESMC_RC_OBJ_COR 504
ESMC_RC_OBJ_WRONG 505
ESMC_RC_ARG_BAD 506
ESMC_RC_ARG_RANK 507
ESMC_RC_ARG S| ZE 508
ESMC_RC_ARG_VALUE 509
ESMC_RC_ARG_DUP 510
ESMC_RC_ARG_SAMETYPE 511
ESMC_RC_ARG_SAMECOWM 512
ESMC_RC_ARG_| NCOVP 513
ESMC_RC_ARG_CORRUPT 514
ESMC_RC_ARG_WRONG 515
ESMC_RC_ARG OUTOFRANGE 516
ESMC_RC_ARG_OPT 517
ESMC_RC_NOT_I MPL 518
ESMC_RC_FI LE_OPEN 519
ESMC_RC_FI LE_CREATE 520
ESMC_RC_FI LE_READ 521
ESMC_RC _FI LE_WRI TE 522
ESMC_RC_FI LE_UNEXPECTED 523
ESMC_RC_FI LE_CLOSE 524
ESMC_RC_FI LE_ACTI VE 525
ESMC_RC_PTR_NULL 526
ESMC_RC_PTR_BAD 527
ESMC_RC_PTR_NOTALLOC 528
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ESMC_RC _PTR_| SALLOC 529

ESMC_RC_MEM 530
ESMC_RC_MEM ALLOCATE 531
ESMC_RC_MEM DEALLOCATE 532
ESMC_RC_MEMC 533
ESMC_RC_DUP_NAME 534
ESMC_RC_LONG_NAVE 535
ESMC_RC_LONG_STR 536
ESMC_RC_COPY_FAI L 537
ESMC_RC DI V_ZERO 538
ESMC_RC_CANNOT _GET 539
ESMC_RC_CANNOT_SET 540
ESMC_RC_NOT_FOUND 541
ESMC_RC_NOT_VALI D 542
ESMC_RC_| NTNRL_LI ST 543
ESMC_RC_I NTNRL_I NCONS 544
ESMC_RC_| NTNRL_BAD 545
ESMC_RC_SYS 546
ESMC_RC_BUSY 547
ESMC_RC LI B 548
ESMC_RC LI B_NOT_PRESENT 549
ESMC_RC_ATTR_UNUSED 550
ESMC_RC_OBJ_NOT_CREATED 551
ESMC_RC_OBJ_DELETED 552
ESMC_RC_NOT_SET 553
ESMC_RC_VAL_WRONG 554
ESMC_RC_VAL_ERRBOUND 555
ESMC_RC_VAL_OUTOFRANGE 556
ESMC_RC_ATTR_NOTSET 557

ESMC_RC_ATTR_WRONGTYPE 558
ESMC_RC_ATTR | TEMSOFF 559
ESMC_RC_ATTR_LI NK 560
ESMC_RC_BUFFER_SHORT 561

562-999 reserved for future C++ symetric return code definitions
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