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1 Whatis the Earth System Modeling Framework?

The Earth System Modeling Framework (ESMF) is a structuiatgction of software building blocks that can be
used or customized to develop Earth system model compqrardsassemble them into applications. The simplest
view of the ESMF is that it consists of amfrastructureof utilities and data structures for creating model commbsie
and asuperstructurdor coupling them. User code sits between these two layeagjnmg calls to the infrastructure
libraries beneath it and being scheduled and synchronigéitdsuperstructure above it. The con guration resembles
a sandwich, as shown in Figure 1.

The ESMF architecture is scalable, exible paradigm forldhnig highly complex climate, weather, and related
applications from components such as atmospheric moaéeld,rhodels, and data assimilation systems. The ESMF
is not a single master application into which all componemist t; rather it is a way of developing components so
that they can be used in many different user-written apfiina. Model components that adopt ESMF are designed
to be usable in different contexts with minimal code modtioa, and may be incorporated into other ESMF-based
modeling systems within the Earth science community. Irtaadto high-level organization, ESMF provides a set of
robust, portable, performance optimized libraries foriggjng, data transfers, time management, and other common
modeling functions. ESMF users may choose to extensivelyite their codes to take advantage of the ESMF
infrastructure, or they may decide to simply wrap usertemittcomponents in ESMF interfaces in order to adopt the
ESMF architecture and utilize framework coupling services

2 The ESMF Reference Manual for Fortran

ESMF provides a complete set of Fortran interfaces and soam&++ interfaces. ThESMF Reference Manua
a listing of ESMF standard interfaces for Fortfan.
Interfaces are grouped by class. A class is an object-@desuftware design construct that embodies a speci ¢
concept like a physical eld. Superstructure classes atedi rst in thisManual followed by infrastructure classes.
The major classes in the ESMF superstructure are Compqnrérith typically represent large pieces of function-
ality such as models, model couplers, and dynamics and glpsickages; and States, which are the data structures
used to communicate data between Components. There arelatistructures and utilities in the ESMF infras-
tructure; classes include Fields, collections of Fieldstloe same grid (called Bundles), Arrays, and utilities for
communication, decomposition, time management, andegijmn con guration.

3 How to Contact User Support and Find Additional Informatio n

The ESMF team can answer questions about the interfacesypeelsn this document. For user support, please contact
esmt_support@ucar.€du.

More information on the ESMF project as a whole is availaliidlee ESMF website, http://www.esmf.ucar.edu.
The website includes release notes and known bugs for eastornef the framework, supported platforms, project
history, values, and metrics, related projects, the ESMRagament structure, and more. TB8EMF User's Guide
contains build and installation instructions, an overvigiithe ESMF system and a description of how its classes
interrelate (this version of the document correspondsedahst public version of the framework). Also available on
the ESMF website is ttESMF Developer's Guidthat details ESMF procedures and conventions.

4 How to Submit Commments, Bug Reports, and Feature Requests

We welcome input on any aspect of the ESMF project. Genegadtgpns and comments should be sehtto esmf support@u:ar.e

1Since the audience for it is small, we have not yet preparemrehensive reference manual for C or C++.
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Figure 1: Schematic of the ESMF “sandwich” architecturethis design the framework consists of two parts, an
upper levebuperstructure layer and a lower-levehfrastructure layer. User code is sandwiched between these two
layers.

ESMF Superstructure
AppDriver
Component Classes: GridComp, CplComp, State

User Code

ESMF Infrastructure
Data Classes: Bundle, Field, Grid, Array
Utility Classes: Clock, LogErr, DELayout, VM, Config

5 Conventions

5.1 Typeface and Diagram Conventions

The following conventions for fonts and capitalization ased in this and other ESMF documents.

Style Meaning Example

italics documents ESMF Reference Manual
courier code fragments ESMF_TRUE

courier() ESMF method name ESMF_FieldGet()

boldface rst de nitions An address spacsés ...
boldface web links and tabs  Developerstab on the website
Capitals ESMF class name DataMap

ESMF class names frequently coincide with words commongdusithin the Earth system domain ( eld, grid,
component, array, etc.) The convention we adopt in this mkistthat if a word is used in the context of an ESMF
class name itis capitalized, and if the word is used in a meneal context it remains in lower case. We would write,
for example, that an ESMF Field class represents a physitdl

Diagrams are drawn using the Uni ed Modeling Language (UMUML is a visual tool that can illustrate the
structure of classes, de ne relationships between classebdescribe sequences of actions. A reader interested in
more detail can refer to a text such®se Uni ed Modeling Language Reference Manual.

5.2 Method Name and Argument Conventions

There are conventions for how class methods are presemtadytiout this document. Although Fortran interfaces are
not case-sensitive, we use case to help parse multi-wor@siakive also use case to help make the presentation of
Fortran interfaces consistent with the presentation of Dierfaces.

Method names begin witESMF , followed by the class name, followed by the name of the dparaeing
performed. Each new word is capitalized.
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For method arguments that are multi-word, the rst word iwdo case and subsequent words begin with upper
case. ESMF class names (including typed ags) are an exarepi’/hen multi-word class names appear in argument
lists, all letters after the rst are lower case. The rstthatis lower case if the class is the rst word in the argument
and upper case otherwise. For example, in an argumentdidDi ayout class name may appeadatayout or
srcDelayout

Most Fortran calls in the ESMF are subroutines, with anyrretd values passed through the interface. For the
sake of convenience, some ESMF calls are written as furgction

A typical ESMF call thus looks like this:

call ESMF_<ClassName><Operation>(classname, firstArgu ment,
secondArgument, ..., rc)

where
<ClassName> is the class name,
<method> is the name of the action to be performed,
classname is a variable of the derived type associated with the class,
thearg* arguments are whatever other variables are required fapamtion,
andrc is a return code.

5.3 Locating Methods in this Manual

Methods for each class are located in the section devotedatoctass in th&Reference Manualln some classes,
methods are split into a number of different types. For eXanthere are separate listings for Basic Field Methods,
Field Overloads for Fortran Arrays, and Field Communiaagiol he methods in each listing are ordered alphabetically.
The split into different listings is a side effect of the autated document generation system we use; it re ects which
methods are located in the same source les. Itis somethagne working to eliminate!
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6 The ESMF Application Programming Interface

The ESMF Application Programming Interface (API) is basadhe object-oriented programming notion oflass

A class is a software construct that's used for grouping abetlated variables together with the subroutines and
functions that operate on them. We use classes in ESMF betiaers help to organize the code, and often make it
easier to maintain and understand. A particular instaneectdss is called aobject. For example, Field is an ESMF
class. An actual Field callegmperature is an object. That is about as far as we will go into formalwafe
engineering terminology.

The Fortran interface is implemented so that the variadssa@ated with a class are stored in a derived type.
For example, aleSMF_Field derived type stores the data array, grid information, anthdata associated with a
physical eld. The derived type for each class is stored iroafan module, and the operations associated with each
class are de ned as module procedures. We use the Fortreurdsaof generic functions and optional arguments
extensively to simplify our interfaces.

The modules for ESMF are bundled together and can be acce#tbealsingleUSEstatementJSE ESMF_Maod

6.1 Standard Methods and Interface Rules

ESMF de nes a set of standard methods and interface ruleéfta across the entire API. These are:

ESMF_<Class>Create() = and ESMF_<Class>Destroy() , for creating and destroying classes. The
ESMF_<Class>Create() = method allocates memory for the class structure itself anthternal variables,
and initializes variables as appropriate. It is alwaystemnitas a Fortran function that returns a derived type
instance of the class.

ESMF_<Class>Set() andESMF_<Class>Get() , for setting and retrieving a particular item or ag. In
general, these methods are overloaded for all cases wteeiteth can be manipulated as a name/value pair. If
identifying the item requires more than a name, or if thesla®f suf cient complexity that overloading in this
way would result in an overwhelming number of options, werteespeci cESMF_<Class>Set<Something>()
andESMF_<Class>Get<Something>() interfaces.

ESMF_<Class>Add() ,ESMF_<Class>Get() ,andESMF_<Class>Remove() for manipulating items
that can be appended or inserted into a list of like itemsiwaltlass. For example, tliESMF_StateAddField()
method adds another Field to the list of Fields containetiéState class.

ESMF_<Class>Print() , for printing the contents of a class to standard out. Thighoekis mainly intended
for debugging.

ESMF_<Class>ReadRestart() andESMF_<Class>WriteRestart() , for saving the contents of a
class and restoring it exactly. Read and write restart nukthave not yet been implemented for most ESMF
classes, so where necessary the user needs to write redteas themselves.

ESMF_<Class>Validate() , for determining whether a class is internally consistEont.exampleESMF_FieldValidate()
checks whether the Array and Grid associated with a Field@msistent.

EXAMPLE
In this simple example, an ESMF Field is created with the naemep'

USE ESMF_Mod
type ESMF_Field :: field

field = ESMF_FieldCreate('temp")
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6.2 Deep and Shallow Classes

The ESMF contains two types of classBeepclasses requireSMF_<Class>Create() = andESMF_<Class>Destroy()
calls. They take signi cant time to set up and should not kleated in a time-critical portion of code. Deep objects
persist even after the method in which they were createddtasned. Most classes in the ESMF, including Fields,
Bundles, Arrays, Grids and Clocks, fall into this category.

Shallow classes do not requieSMF_<Class>Create() = andESMF_<Class>Destroy()  calls. They
can simply be declared and their values set usingaMF_<Class>Set() call. Shallow classes do not take long to
set up and can be declared and set within a time-critical sedment. Shallow objects stop existing when the method
in which they were declared has returned.

An exception to this is when a shallow object, such as an I©0Speaused to carry values into a deep object, for
example during aleSMF_FieldCreate() call during an application initialization phase. In thisseaan I0Spec
is passed in through theSMF_FieldCreate() argument list and the values of the IOSpec are copied into the
new Field object. Although the 10Spec is destroyed whenrihiglization phase ends, the Field carries a copy of the
IOSpec in persistent memory. This internal IOSpec is dgstiavith theESMF_FieldDestroy() call.

Other examples of shallow classes are Times, Timelnteraats ArraySpecs.

See Sectiold®@verall Design and Implementation Notes , for a brief discussion of deep and shal-
low classes from an implementation perspective. For areptfdlook at the design and inter-language issues related
to deep and shallow classes, please se&8dF Implementation Report

6.3 Special Methods

The following are special methods which, in one case, areired by any application using ESMF, and in the other
case must be called by any application that is using ESMF ©oets.

ESMF_Initialize() andESMF_Finalize() are required methods that must bracket the use of ESMF
within an application. They manage the resources requiredrt ESMF and shut it down gracefully.

ESMF_<Type>Complnitialize() ,ESMF_<Type>CompRun(),andESMF_<Type>CompFinalize()

are component methods that are used at the highest levehl8MF. <Type> may be<Grid> , for Grid-

ded Components such as oceans or atmosphere§;mr , for Coupler Components that are used to connect
them. The content of these methods is not part of the ESMEeddshe methods call into associated Fortran
subroutines within user code.

6.4 The ESMF Data Hierarchy

The ESMF API is organized around an hierarchy of ve clasbes tontain model eld data. The operations that are
performed on model eld data, such as regridding, redistidn, and halo updates, are accessed through these classes
The main data classes in ESMF, in order of increasing cortp)exe:

Array An ESMF Array is a distributed, multi-dimensional arrayttlsan carry information such as its type,
kind, rank, and associated halo widths. It contains a rafar¢o a native Fortran array.

Field A Field represents a physical scalar or vector eld. It caméaa reference to an Array along with grid
information and metadata.

Bundle A Bundle is a collection of Fields discretized on the samd.gfihe staggering of data points may be
different for different Fields within a Bundle.

State A State represents the collection of data that a Compont#m@raiequires to run (an Import State) or can
make available to other Components (an Export State). Stagy contain references to Bundles, Fields, or
Arrays.
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ComponentA Component is a substantial piece of software with a disfinaction. ESMF currently recog-
nizes two types of Components. Components that represemgsacpl domain or process, such as an atmo-
spheric model, are called Gridded Components since theysarally discretized on an underlying grid. The
Components responsible for regridding and transferririg datween Gridded Components are called Coupler
Components. Each Component is associated with an ImpodmBcport State. Components can be nested so
that simpler components and applications can be used toasgnpore complex applications.

Underlying these data classes are native language arr&pFRllows you to reference an existing Fortran array
to an ESMF Array, Field, or Bundle, so that ESMF data classesbe readily introduced into existing code. You
can perform communication operations directly on Fortnaays through the VM class, which serves as a unifying
wrapper for distributed and shared memory communicattmaties.

6.5 ESMF Spatial Classes

Like the hierarchy of model data classes, ranging from thek to the complex, the ESMF is organized around an
hierarchy of classes that represent different spacesiasstevith a computation. Each of these spaces can be indexed
in some fashion, in order to give the user control over howramatation is executed. For Earth system applications,
this hierarchy spans the environment associated with thmpater to the physical region described by the application.
The main spatial classes in ESMF, in order of those closdbetmachine to those closest to the application, are:

The Virtual Machine , or VM The ESMF VM is an abstraction of a parallel computing envinemt that en-
compasses both shared and distributed memory. Its primapope is resource allocation. Each Component
de nes its own VM based on the resources it desires. The aleswd a VM arePersistent Execution Threads

or PETs. A simple case is one in which every PET is associated with &h pfocess running on a separate
processor. If Components are nested, the parent compdimratas a subset of its PETSs to its children. The
children have some exibility, subject to the constraintshee computing environment, to decide how they want
to use the PETSs they've received.

DELayout A DELayout represents a decomposition. Its basic elemeafSecomposition Elementsor DEs.

A DELayout associates a set of DEs and a topology - how the PEsannected - with the PETs in a VM. The
user can also de ne communication weights between DEs, derii load balancing. DEs are not necessarily
one-to-one with PETs. For cache blocking, or user-managdt-threading, more DEs than PETs may be
de ned. Fewer DEs than PETs may be de ned if an applicatiaquies, for example, a decomposition that is
an integer multiple.

Grid A Grid is an abstraction of a physical space. It associatemedinate system, a set of coordinates, and a
topology to a collection of grid cells.

Field A Field may contain more dimensions than the Grid that it seditized on. For example, for convenience
during integration, a user may want to de ne a single Fielgeobthat holds snapshots of the data at multiple
times. The user must track what these additional dimensiwen. Fields also keep track of the location of a
Field data point within its associated Grid cell.

Although it is not an ESMF class, the lineaddress spacef the computer is another fundamental index space
that must be mapped to data stored by the ESMF system.

6.6 ESMF Maps

In order to de ne how the index spaces of the spatial classkger to each other, we require either implicit rules
(in which case the relationship between spaces is de neddfguit), or special Map arrays that allow the user to
specify the desired association. The form of the speciarats usually that the position of the array element carries
information about the rst object, and the value of the aredgment carries information about the second object.
ESMF includes a distGridToArrayMap, a gridToFieldMap, st@iridToGridMap, and others.
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6.7 ESMF Speci cation Classes
At various places in the ESMF, it is useful to make neat packetiescriptive parameters. Some of these are:
IOSpeg, for storing 10 parameters.

ArraySpec, for storing the speci cs, such as type/kind/rank, of aragurr

6.8 ESMF Utility Classes

There are a number of utilities in ESMF that can be used inudgmetly. These are:
TimeMgr, for calendar, date, clock and alarm functions.
LogErr, for logging and error handling.

Con g, for creating resource les that can replace namelists asaistent way of setting con guration param-
eters.

7 Overall Rules and Behavior

7.1 Allocation Rules

The basic rule of allocation and deallocation for the ESMRisoever allocates it is responsible for deallocating it.

ESMF methods that allocate their own space for data willldeate that space when the object is destroyed.
Methods which accept a user-allocated buffer, for exarif3®F_FieldCreate() with the ESMF_DATA REF
ag, will not deallocate that buffer at the time the objectdsstroyed. The user must arrange for the buffer to be
deallocated when all use of it is complete.

Classes such as Fields, Bundles, and States may have AFiaelds, Grids and Bundles created externally and
associated with them. These associated items are not ged@mtong with the rest of the data object since it is possible
for the items to be added to more than one data object at a émgethe same Grid could be part of many Fields). It
is the user's responsibility to delete these items whenabkeuse of them is done.

7.2 Equality and Copying Objects

The equal sign operator in ESMF does not generate any syesialior on the part of the framework. If the user
decides to set one object equal to another, the internaéntswill simply be copied. That means that if there is a
pointer within the object being copied, the pointer will leplicated and the data pointed to will be referenced by the
object copy. As a matter of style and safety, users shoultbtayoid exploiting such implicit behavior. A preferable
approach is to use a class creation or duplication methofhrtiimately, not all classes have duplication methods yet.

7.3 Attributes

Attributes are (name, value) pairs, where the name is a cteratring and the value can be either a single value
or list ofint /I*4 | double /R*8, logical ESMF_Logical ), orchar * /character values. Attributes can be
associated with Fields, Bundles, and States. Mixed typegatrallowed in a single attribute, and all attribute names
must be unique within a single object. Attributes are setéme, and can be retrieved either directly by name or by
querying for a count of attributes and retrieving names aides by index number.
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8 Integrating ESMF into Applications

Depending on the requirements of the application, the usgrwant to begin integrating ESMF in either a top-down
or bottom-up manner. In the top-down approach, tools at tiperstructure level are used to help reorganize and
structure the interactions among large-scale componeriteiapplication. It is appropriate when interoperabikty

a primary concern; for example, when several differentivassor implementations of components are going to be
swapped in, or a particular component is going to be used itipteucontexts. Another reason for deciding on a
top-down approach is that the application contains legadg ¢hat for some reason (e.g., very large, dif cult to work
with, highly performance-tuned, resource limitationgrehis little motivation to fully restructure. The supeustiure

can be incorporated into such applications in a way thatisintrusive.

In the bottom-up approach, the user selects desired esil{iata communications, calendar management, perfor-
mance pro ling, logging and error handling, etc.) from th8MF infrastructure and either writes new code using
them, introduces them into existing code, or replaces thetfonality in existing code with them. This makes sense
when there is a speci ¢ need for some functionality, likeusbdata acommunications, or when the component writer
is starting from scratch.

8.1 Using the ESMF Superstructure

The following is a typical set of steps involved in adoptihg ESMF superstructure. The rst two tasks, which occur
before an ESMF call is ever made, have the potential to be tw dif cult and time-consuming. They are the work
of splitting an application into components and ensurirad #ach component has well-de ned stages of execltion.

1. Decide how to organize the application as discrete Gddaed Coupler Components. The developer might
need to reorganize code so that individual components aemlyl separated and their interactions consist of a
minimal number of data exchanges.

2. Divide the code for each componentinto initialize, rurd analize methods. These methods can be multi-phase,
e.g.,init_1, init_2

3. Pack any data that will be transferred between compomant& SMF Import and Export State data structures.
The user must describe the distribution of grids over resesion a parallel computer via the VM and DELayout.

4. Pack time information into ESMF time management datactires.

5. Using code templates provided in the ESMF distributioeate ESMF Gridded and Coupler Components to
represent each component in the user code.

6. Write a set services routine that sets ESMF entry pointedich user component's initialize, run, and nalize
methods.

7. Run the application using an ESMF Application Driver.

8.2 Using the ESMF Infrastructure

Adoption of infrastructure utilities and data structures dollow many different paths. The calendar management
utility is a popular place to start, since there is enouglcfiamality in the ESMF time manager to merit the effort
required to integrate it into codes and bundle it with an @pgibn.

2ESMF aside, this sort of code structure helps to promotdagijun clarity and maintainability, and the effort putdrit is likely to be a good
investment in any case.

25



9 Global Options and Parameters

9.1 Flags
9.1.1 ESMF_AllocFlag

DESCRIPTION:
Indicates whether to allocate data or not.
Valid values are:

ESMF_ALLOC Allocate data.
ESMF_NO_ALLOC Do not allocate data at this time.

9.1.2 ESMF_BlockingFlag

DESCRIPTION:
Indicates blocking behavior and PET synchronization.
Valid values are:

ESMF_BLOCKING Communication callsThe called method will block until all (PET-)local operat®are com-
plete. After the return of a blocking communication methbis isafe to modify or use all participating local
data.

Component callsThe called method will block until all PETs in all virtual adgss spaces (VASs) have com-
pleted the operation.

ESMF_VASBLOCKING Communication callsNot available for communication calls.

Component callsThe called method will block until all PETs that operate ia FET-local VAS have completed
the operation. For PETs that run as single threaded prax#sseneans that the method daowsd synchronize
PETs on return.

ESMF_NONBLOCKING Communication calls:The called method will not block but returns immediatelyeaft
initiating the requested operation. It is unsafe to modifyse participating local data before all local operations
have completed. Use tHeSMF_VMCommWait()or ESMF_VMCommQueueWait()method to block the
local PET until local data access is safe again.

Component callsFor ESMF-threaded components the calling PETs of the paocemponent will not be blocked
but return immediately after initiating the requested@kibmponent operation. In this scenario parent and child
components will run concurrently in overlapping VASs. Iuissafe to modify or use VAS local data that may
be accessed by concurrently running components until thé component method has completed. Use the
appropriateESMF_GridCompWait() or ESMF_CplCompWait() method to block the local parent PET
until the child component method has completed in the loé& .V

For non-threaded ESMF components (i.e. pure MPI-companetite ESMF default) calling component meth-
ods withESMF_NONBLOCKINiS identical to calling them witESMF_VASBLOCKINGHowever, a call to
ESMF_GridCompWait() or ESMF_CplCompWait() is still required in the rst case in order to deallocate
memory internally allocated for theSMF_NONBLOCKIN@ode.

9.1.3 ESMF_ContextFlag

DESCRIPTION:
Indicates the type of VM context in which a component is exiegu
Valid values are:

ESMF_CHILD_IN_NEW_VM The componentis running in its own, separate VM contextoReses are inherited
from the parent but can be arranged to t the component'sirequents.
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ESMF_CHILD_IN_PARENT_VM The component uses the parent's VM for resource managent&ommpared
to components that use their own VM context components thratrr the parent's VM context are more light-
weight with respect to the overhead of calling into theitildize, Run and Finalize methods. Furthermore, VM-
speci ¢ properties remain unchanged when going from thempacomponent to the child component. These
properties include the MPI communicator, the number of REies PET labeling, communication attributes,
threading-level.

9.1.4 ESMF_CopyFlag

DESCRIPTION:
Indicates whether to reference a data item or make a copy of it
Valid values are:

ESMF_DATA COPY Copy the data item to another buffer.
ESMF_DATA REF Reference the data item.

9.1.5 ESMF_DefaultFlag

DESCRIPTION:
Indicates whether to use defaults or not.
Valid values are:

ESMF_USE_DEFAULTS Use default values where possible.
ESMF_NO_DEFAULTS Don't use any default values.

9.1.6 ESMF_DecompFlag

DESCRIPTION:
Indicates how DistGrid elements are decomposed over DEs.
Valid values are:

ESMF_DECOMP_CYCLIC Decompose elements cyclically across DEs.
ESMF_DECOMP_DEFAULT Use defaultdecomposition behavior. Currently equé$®F DECOMP_HOMOGEN

ESMF_DECOMP_HOMOGEN Decompose elements as homogenously as possible acrossThEsnaximum
difference in number of elements per DE is 1, with the exteagnts on the lower DEs.

ESMF_DECOMP_RESTFIRST Divide elements over DEs. Assign the rest of this divisioth® rst DE.
ESMF_DECOMP_RESTLAST Divide elements over DEs. Assign the rest of this divisioth®last DE.

9.1.7 ESMF_IndexFlag

DESCRIPTION:
Indicates whether index is local (per DE) or global (per obje
Valid values are:

ESMF_INDEX_DELOCAL Refers to indices on the local DE.
ESMF_INDEX_ GLOBAL Refers to object-wide indices.
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9.1.8 ESMF_InterleaveFlag

DESCRIPTION:
Interleave is used when there are multiple variables odifidual data items are vectors. UsedE8MF_FieldDataMap
andESMF_BundleDataMap . (The interleave option is not yet implemented.)

Valid values are:

ESMF_INTERLEAVE_BY_BLOCK Items are listed in blocks, all items of one type followed ltlyitams of the
next type.

ESMF_INTERLEAVE_BY_ITEM Items are interleaved item by item.

9.1.9 ESMF_NeededFlag

DESCRIPTION:
Speci es whether or not a data item is needed for a parti@patication con guration. Used iESMF_State .
Valid values are:

ESMF_NEEDED Data is needed.
ESMF_NOTNEEDED Data is not needed.

9.1.10 ESMF_ReadyFlag

DESCRIPTION:
Speci es whether a data item is ready to read or write.
Valid values are:

ESMF_READYTOREAD Data is ready to read.
ESMF_READYTOWRITE Data is ready to write.
ESMF_NOTREADY Data is not ready.

9.1.11 ESMF_ReduceFlag

DESCRIPTION:
Indicates reduce operation tdReduce() method.
Valid values are:

ESMF_SUM Use arithmetic sum to add all data elements.
ESMF_MIN Determine the minimum of all data elements.

ESMF_MAX Determine the maximum of all data elements.

9.1.12 ESMF_RegForRestartFlag

DESCRIPTION:
Speci es whether a data item is necessary for restart.
Valid values are:

ESMF_REQUIRED_FOR_RESTART Data is required for restart.
ESMF_NOTREQUIRED_FOR_RESTART Data is not required for restart.
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9.1.13 ESMF_Status

DESCRIPTION:
This is a general object status ag used throughout the freonie
Valid values are:

ESMF_STATUS_UNINIT Object is uninitialized.
ESMF_STATUS_READY Object is ready for use.
ESMF_STATUS_UNALLOCATED Object has not yet been allocated.
ESMF_STATUS_ALLOCATED Object has been allocated.
ESMF_STATUS_BUSY Object is not able to respond.
ESMF_STATUS_INVALID Objectis invalid.

9.1.14 ESMF_ValidFlag

DESCRIPTION:
Speci es whether a data item contains valid data.
Valid values are:

ESMF_VALID Datais ready to read.
ESMF_INVALID Data is ready to write.
ESMF_NOTREADY Data is not ready.

9.2 Parameters
9.2.1 ESMF_TypeKind

DESCRIPTION:
Supported ESMF type and kind combinations. This is an ESMiveltype used for arguments to subroutines and
functions that specify or query a data precision and types€hvalues cannot be used when declaring variables; see
the next section on Fortran 90 Kinds for that.

Valid values are:

ESMF_TYPEKIND_I1 1 byte integer.
ESMF_TYPEKIND_12 2 byte integer.
ESMF_TYPEKIND_14 4 byte integer.
ESMF_TYPEKIND_18 8 byte integer.
ESMF_TYPEKIND_R4 4 byte real.
ESMF_TYPEKIND_R8 8 byte real.
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9.2.2 Fortran Kinds

DESCRIPTION:
These are integer parameters of the proper type to be useddeltaring variables with a speci ¢ precision in Fortran
syntax. For example:

integer(ESMF_KIND _14) :: myintegervariable
real(ESMF_KIND_R4) :: myrealvariable

The Fortran 90 standard does not mandate what numeric vaduesspond to actual number of bytes allocated for the
various kinds, so these are de ned by ESMF to be correct adtwsdifferent supported Fortran 90 compilers. Note
that not all compilers support every kind listed below; imtfgaular 1 and 2 byte integers can be problematic.

Valid values are:

ESMF_KIND_I1 1 byte integer.
ESMF_KIND_I2 2 byte integer.
ESMF_KIND_I4 4 byte integer.
ESMF_KIND_I8 8 byte integer.
ESMF_KIND_R4 4 byte real.
ESMF_KIND_R8 8 byte real.
ESMF_KIND_C8 8 byte character.
ESMF_KIND_C16 16 byte character.

10 Overall Design and Implementation Notes

1. Deep and shallow classeg he deep and shallow classes described in Selction 6.2 iiffeaw and where they
are allocated within a multi-language implementation ssrwinent. We distinguish between the implementation
language, which is the language a method is written in, aaa@#fiing language, which is the language that the
user application is written in. Deep classes are allocatitthe process heap by the implementation language.
Shallow classes are allocated off the stack by the callingdage.

2. Base classAll ESMF classes are built upon a Base class. The Base is odeald system-wide capabilities,
such as Attributes. Attributes are implemented in the Béagscso they can be attached to any object in the
system which is built on the Base object. (This is true fodakp objects in the system.) Attributes are created
by making a private copy of the information provided durihg Bet call. Lists of values are supported, but they
are not intended for large data arrays. Attribute data isetbguring a Get operation.
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Superstructure
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11 Overview of Superstructure

ESMF superstructure classes de ne an architecture fonatdgey Earth system applications from modelicgmpo-
nents A component may be de ned in terms of the physical domain ith@presents, such as an atmosphere or sea
ice model. It may also be de ned in terms of a computationakfion, such as a data assimilation system. Earth
system research often requires that such componertdsupged together to create an application. By coupling we
mean the data transformations and, on parallel computistgs)s, 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 de ned at the level of major phgkitomains and computational functions, components
may be de ned that represent smaller computational funstiweithin 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 exibly and ef ciently.
ESMF encourages a hierachical application structure, islwlarge components branch into smaller sub-components
(see FigurEl?). 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 modi cation

Sequential or concurrent component execution.

Single program, multiple datastream (SPMD) applicatiamsriaximum portability and recon gurability.

11.1 Superstructure Classes

There are a small number of classes in the ESMF supersteuctur

ComponentAn ESMF component has two parts, one that is supplied by tiFE&d 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 gridsefample, a sea ice model. A Coupler Component
arranges and executes data transformations and transtersdm one or more Gridded Components. Gridded
Components and Coupler Components have standard methoidb,include initialize, run, and nalize. 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 agsatia name of a Fortran subroutine with a corre-
sponding standard ESMF operation. For example, a usetewiiiitialization routine callegopOceaninit

might be associated with the standard Initialize routin@fESMF Gridded Component named “POP” that
represents an ocean model.

State ESMF components exchange information with other companenly through States. A State is an
ESMF derived type that can contain Fields, Bundles, Arrags, other States. A Component is associated with
two States, ahmport State and anExport State. Its Import State holds the data that it receives from other
Components. Its Export State contains data that it can makilable to other Components.

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

An ESMF coupled application typically involves an AppDriva parent Gridded Component, two or more child
Gridded Components that require an inter-component datiaagrge, and one or more Coupler Components.
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Figure 2: ESMF enables applications such as the atmosphenieral circulation model GEOS-5 to be structured
hierarchically, and recon gured and extended easily. Bawhin this diagram is an ESMF Gridded Component.
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The parent Gridded Component is responsible for creatiagetiild Gridded Components that are exchanging
data and creating the Coupler, for creating the necessaoprinand Export States, and for setting up the desired
sequencing. The AppDriver “main” routine calls the pareritil@ed Component's initialize, run, and nalize 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 Component is called
by the AppDriver, it in turn calls the initialize methods d$ ichild atmosphere and ocean Gridded Components,
and the initialize method of an ocean-to-atmosphere Co@enponent. FigurEl3 shows this schematically for the
atmospheric general circulation model GEOS-5, from God&ace Flight Center.

11.2 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 call€ttaal Machine , or VM . The VM also contains information
about the topology and characteristics of the underlyimgmater. Components are created hierarchically, with garen
Components creating child Components and allocating sora of its PETSs to each one. By default ESMF creates
a new VM for each child Component, which allows Componentsaitor their VM resources to match their needs.

A Gridded Component may exist across all the PETs in an agipic. A Gridded Component may also reside
on a subset of PETs in an application. These PETs may whalhgice with, be wholly contained within, or wholly
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Figure 3: A call to a standard ESMF initialize (run, nalizelethod by a parent component triggers calls to initialize
(run, nalize) all of its child components.

AppDriver (“Main”)
Call Initialize Call Run Call Finalize
<
Initialize ] [ Run ] [ Finalize ]
Parent GridComp “Hurricane Model”
Call Initialize Call Run Call Finalize
<

Initialize Run | Finalize |

Child GridComp “Atmospherg”

Initialize | Run r_FinaIize

Child GridComp "Ocean”

Initialize | Run r_FinaIize

Child CplComp “Atm-Ocean Coupler”

contain another component.

11.3 Sequential and Concurrent Execution of Components

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

Figure[@ illustrates a typical con guration for a simple @bed sequential application, and Figlile 5 shows a
possible con guration for the same application running itoacurrent mode.

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

Itis possible for ESMF applications to contain some compbgets that are executing sequentially and others that
are executing concurrently. We might have, for examplepaphere and land components created on the same subset
of PETs, ocean and sea ice components created on the remaifRIETs, and a Coupler created across all the PETs
in the application.
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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.
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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 CouplerfieTtop-level “Hurricane Model” Gridded Component
contains the sequencing information and time advancernept [The 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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11.4 Intracomponent 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 contain a regridding and data redistribution
between two Gridded Components. As a result, the archiedlESMF does not depend on any particular data
communication mechanism, and new communication schemdsedatroduced without affecting 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.

11.5 Data Distribution and Scoping in Components

ESMF utilizes aunison object creation strategy, where code on each PET calls the sdject creation routines
individually. Each PET can contain private local data, Huheetadata about the object itself is common across all
PETs. ESMF can compute metadata information about objeatsroote PETs without making communication calls,
which would incur additional overhead and add unnecesserghsonization points.

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 meatalls. When a Coupler Component running on a
superset of a Gridded Component's PETs needs to make coroatiami calls involving objects created by the Gridded
Component, an ESMF-supplied function calE8MF_StateReconcile() creates proxy objects in those PETs
which had no previous information about the distributeceots. Proxy objects contain no local data but can be used
in communication calls (such as regrid or redistributianylescribe the remote source for data being moved to the
current PET, or as a remote destination for local data beimgeah from this PET. Figurd 6 is a simple schematic that
shows the sequence of events in a reconcile call.

11.6 Performance

The ESMF design enables the user to con gure ESMF applicatso that data is transferred directly from one com-
ponent to another, without requiring that it be copied ot $ea different data buffer as an interim step. This is likely
to be the most ef cient way of performing inter-componentipbng. However, if desired, an application can also be
con gured so that data from a source component is sent totmdiset of Coupler Component PETSs 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 Componestié®n, as soon as the data is ready. Computations can
then proceed simultaneously with the data transfer.
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Figure 6: AnESMF_StateReconcile() call creates proxy objects for use in subsequent commuaicaalls.
The reconcile call would normally be made during Coupleiafization.
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11.7 Object Model

The following is a simpli ed UML diagram showing the relatiships 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 @ @

12 Application Driver and Required ESMF Methods

12.1 Description

The ESMF Application Driver ESMF_AppDriver ), is a generic ESMF driver program that contains a “main.”
Simpler applications may be able to use an Application Drivithout modi cation; for more complex applications,
an Application Driver can be used as an extendable template.

ESMF provides a number of different Application Drivershe$ESMF_DIR/src/Superstructure/AppDriver
directory. An appropriate one can be chosen depending ortt@application is to be structured. Options when de-
ciding how to structure an application include choices abou

Sequential vs. Concurrent ExecutionIn a serial execution model every PET executes the same &fr@ddmponent
code until it has produced data needed by another GriddegGoent, and then all PETs change to running the
next Gridded Component or Coupler Component. This has theamf simplicity of data consumption and
production: when a Gridded Component starts all requiréd daavailable for use, and when a Gridded Com-
ponent nishes all data produced is ready for consumptiothleynext Gridded Component. This approach also
has the possibility of less data movement if the grid and datamposition is done such that each processor's
memory contains the data needed by the next Component.

In a concurrent execution model subgroups of PETs run Gdidttemponents and all Gridded Components are
active at the same time. Data exchange must be coordinatedéreGridded Components so that data deadlock
does not occur. This strategy has the advantage of allovdngling to other Gridded Components at any time
during the computational process, including not havingetanmn to the calling level of code before making data
available. ESMF supports the concurrent mode of executibribes not support asynchronous data transfer
from within an executing Component at this time.

Pairwise vs. Hub and SpokeCoupler Components are responsible for taking data fronGrieled Component and
putting it into the form expected by another Gridded Commn€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@gidded Component. This simpli es the structure
of the Coupler Component code.
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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 ensanixture of these approaches, are also possible.

Implementation Language The ESMF framework currently has Fortran interfaces fopalblic functions. Some
functions also have C interfaces, and the number of thes@&cted to increase over time.

Number of Executables On a multiple processor machine a cooperating job can be yuwstasting the same ex-
ecutable on all nodes. All processors run the same codehbutdmputation proceeds in parallel by each
processor working on a different subset of data. This$®&D model, Single Program Multiple Data.

The alternative is to start a different executable on déffiérprocessors. This is dPMD model, Multiple
Program Multiple Data. There are complications with markygontrol systems on multiprocessor machines in
getting the different executables started, and gettirggiptocess communcations established. Currently ESMF
does not support MPMD.

12.2 Application Driver and Required ESMF Methods Options
12.2.1 ESMF_TerminationFlag

DESCRIPTION:
TheESMF_TerminationFlag  determines how an ESMF application is shut down.
Valid values are:

ESMF_ABORT Global abort of the ESMF application. There is no guararttaeall PETs will shut down cleanly
during an abort. However, all attempts are made to prevenafiplication from hanging and the LogErr of
at least one PET will be completely ushed during the aborhisToption should only be used if a condition
is detected that prevents normal continuation or ternomatif the application. Typical conditions that war-
rant the use o0ESMF_ABORre those that occur on a per PET basis where other PETs mapdied in
communication calls, unable to reach the normal termingiimint.

ESMF_FINALIZE Normal termination of the ESMF application. Wait for all PE®f the global VM to reach
ESMF_Finalize()  before termination. This is the clean way of terminatingjpplization.MPI_Finalize()
will be called in case of MPI applications.

ESMF_KEEPMPI Same a€SMF_FINALIZE but MPI_Finalize() will not be called. It is the user code's
responsibility to shut down MPI cleanly.

12.3 Use and Examples

ESMF encourages application organization in which there single top-level Gridded Component. This provides
a simple, clear sequence of operations at the highest lendlalso enables the entire application to be treated as a
sub-Gridded Component of another, larger applicationsiréel. When an application is organized in this fashion the
standard AppDriver can probably be used without much maian.

Examples of program organization using the AppDriver cafobad in thesrc/Superstructure/AppDriver
directory. A set of subdirectories within the AppDriveretitory follows the naming convention:

<seq|concur>_<pairwiselhub>_<f|c>driver_<spmd|mpmd>

The examples that are currently implementedsae_pairwise_fdriver_spmd , which has sequential com-
ponent execution, a pairwise coupler, a main program inr&oeyiand all processors launching the same executable;
andconcur_pairwise_fdriver_spmd , Which has concurrent component execution, a pairwiselegupmain
program in Fortran, and all processors launching the sameugable.

The exampleseq_pairwise_fdriver_spmd is the simplest of the examples, and so it is also copied auto-
matically into a top-levetjuick_start directory at compilation time.
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The user can copy the AppDriver les into their own local direry. Some of the les can be used unchanged.
Others are template les which have the rough outline of theecbut need additional application-speci ¢ code added
in order to perform a meaningful function. THREADMEIle in the AppDriver subdirectory omuick_start
directory contains instructions about which les to change

The ChangeMe.F90 file contains a number of definitions

that are used by the AppDriver, such as the name of the applic ation's
main configuration file and the name of the application's S etServices
routine.

#include "ChangeMe.F90"
program ESMF_AppDriver

! ESMF module, defines all ESMF data types and procedures
use ESMF_Mod

I Gridded Component registration routines. Defined in "Cha ngeMe.F90"
use USER_APP_Mod, only : SetServices => USER_APP_SetServi ces

implicit none
I Local variables

I Components
type(ESMF_GridComp) :: compGridded

| States, Virtual Machines, and Layouts
type(ESMF_VM) :: defaultvm
type(ESMF_DELayout) :: defaultlayout
type(ESMF_State) :: defaultstate

I Configuration information
type(ESMF_Config) :: config

I A common igrid
type(ESMF_IGrid) :: igrid

I A clock, a calendar, and timesteps
type(ESMF_Clock) :: clock
type(ESMF_Timelnterval) :: timeStep
type(ESMF_Time) :: startTime
type(ESMF_Time) :: stopTime

! Variables related to igrid and clock

integer :: i_max, j_max

real(ESMF_KIND_R4) :: x_min4, x_max4, y_min4, y max4
real(ESMF_KIND_R8) :: x_min, x_max, y_min, y_max

I Return codes for error checks

integer :: rc
logical :: dummy
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Initialize the ESMF Framework

call ESMF_Initialize(defaultCalendar=ESMF_CAL_GREGOR
if (rc .ne. ESMF_SUCCESS) stop 99

call ESMF_LogWrite("ESMF AppDriver start", ESMF_LOG_INF

i Read in Configuration information from a default config fi
!

config = ESMF_ConfigCreate(rc)
call ESMF_ConfigLoadFile(config, USER_CONFIG_FILE, rc =

I Get standard config parameters, for example:

the default igrid size and type
the default start time, stop time, and running intervals
for the main time loop.

I
I
I
!
I e.g. to get an integer parameter from the config file:

I call ESMF_ConfigGetAttribute( config, ndays, label ='Nu

! default=30, rc = rc )
I

call ESMF_ConfigGetAttribute(config, i_max, 'l Counts:'

call ESMF_ConfigGetAttribute(config, j_max, 'J Counts:'

call ESMF_ConfigGetAttribute(config, x_min4, 'X Min:', d

call ESMF_ConfigGetAttribute(config, y_min4, 'Y Min:', d

call ESMF_ConfigGetAttribute(config, x_max4, 'X Max:', d
call ESMF_ConfigGetAttribute(config, y_max4, 'Y Max:', d

IAN, rc=rc)

0)

mber_of Days:', &

, default=20, rc=rc)
, default=80, rc=rc)
efault=0.0, rc=rc)
efault=-180.0, rc=rc)
efault=90.0, rc=rc)
efault=180.0, rc=rc)

Create section

I Get the default VM which contains all PEs this job was starte
call ESMF_VMGetGlobal(defaultvm, rc)

I Create the top Gridded component, passing in the default la
compGridded = ESMF_GridCompCreate(name="ESMF Gridded Co

call ESMF_LogWrite("Component Create finished", ESMF_LO

d on.

yout.
mponent", rc=rc)

G_INFO)

Register section

call ESMF_GridCompSetServices(compGridded, SetService
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if (ESMF_LogMsgFoundError(rc, "Registration failed", rc

)) goto 10

Create and initialize a clock, and a igrid.

! Based on values from the Config file, create a default 1Grid

I and Clock. We assume we have read in the variables below from

I the config file.

call ESMF_TimelntervalSet(timeStep, s=2, rc=rc)

call ESMF_TimeSet(startTime, yy=2004, mm=9, dd=25, rc=rc

call ESMF_TimeSet(stopTime, yy=2004, mm=9, dd=26, rc=rc)

clock = ESMF_ClockCreate("Application Clock", timeStep,
stopTime, rc=rc)

I Same with the igrid. Get a default layout based on the VM.

defaultlayout = ESMF_DELayoutCreate(defaultvm, rc=rc)

X_min = x_min4

y_min min4
X_max = X_max4
y_max = y_max4

igrid = ESMF_IGridCreateHorzXYUni(counts=(/i_max, j_ma

startTime, &

x/), &

minGlobalCoordPerDim=(/x_min, y_min/), &
maxGlobalCoordPerDim=(/x_max, y_max/), &

horzStagger=ESMF_IGRID_HORZ_STAGGER_C_SE, &

name="source igrid", rc=rc)
call ESMF_IGridDistribute(igrid, delayout=defaultlayo

I Attach the IGrid to the Component
call ESMF_GridCompSet(compGridded, igrid=igrid, rc=rc)

ut, rc=rc)

Create and initialize a State to use for both import and expo

rt.

defaultstate = ESMF_StateCreate("Default State", rc=rc)

Init, Run, and Finalize section
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call ESMF_GridComplnitialize(compGridded, defaultstat e, defaultstate, &
clock, rc=rc)
if (ESMF_LogMsgFoundError(rc, "Initialize failed", rc)) goto 10

call ESMF_GridCompRun(compGridded, defaultstate, defau ltstate, &
clock, rc=rc)
if (ESMF_LogMsgFoundError(rc, "Run failed", rc)) goto 10

call ESMF_GridCompFinalize(compGridded, defaultstate, defaultstate, &
clock, rc=rc)
if (ESMF_LogMsgFoundError(rc, "Finalize failed”, rc)) go to 10

Destroy section

I Clean up

call ESMF_ClockDestroy(clock, rc)

call ESMF_StateDestroy(defaultstate, rc)

call ESMF_GridCompDestroy(compGridded, rc)

call ESMF_DELayoutDestroy(defaultLayout, rc)

10 continue
call ESMF_Finalize(rc=rc)

end program ESMF_AppDriver

12.4 Restrictions and Future Work

1. MPMD not supported. Only single executable applications are supported atithis. t

12.5 Required ESMF Methods
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12.5.1 ESMF _lInitialize - Initialize the ESMF

INTERFACE:
subroutine ESMF_Initialize(defaultConfigFileName, def aultCalendar, &
defaultLogFileName, defaultLogType, mpiCommunicator, v m, rc)
ARGUMENTS:
character(len=%*), intent(in), optional :: defaultConfig FileName
type(ESMF_CalendarType), intent(in), optional :: defaul tCalendar
character(len=%*), intent(in), optional :: defaultLogFil eName
type(ESMF_LogType), intent(in), optional :: defaultLogT ype
integer, intent(in), optional :: mpiCommunicator
type(ESMF_VM), intent(out), optional :: vm
integer, intent(out), optional :: rc
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 ritaiecessfully through initialization.

Typically ESMF_Initialize() will call MPI_Init() internally unless MPI has been initialized by the user
code before initializing the framework. If the MPI initiahtion is left toESMF_Initialize() it inherits all of the
MPI implementation dependent limitations of what may or may be done befor#PI1_Init() . For instance, it

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

Note that when using MPICH as the mpi library, ESMF needs ®the application command line arguments for
MPI_Init() . However, ESMF acquires these arguments internally andisee does not need to worry about
providing them. Also, note that ESMF does not alter the comdrlane arguments, so that if the user obtains them
they will be as speci ed on the command line (including thedech MPICH would normally strip out).

Before exiting the application the user must &8MF_Finalize() to release resources and clean up the ESMF
gracefully.

The arguments are:

[defaultCon gFilename] Name of the default con guration le for the entire applidat.

[defaultCalendar] Sets the default calendar to be used by ESMF Time Managese®tierI 28.211 for a list of valid
options. If not speci ed, defaults tiSMF_CAL_NOCALENDAR

[defaultLogFileName] Name of the default log le for warning and error messagesndf speci ed, defaults to
ESMF_ErrorLog .

[defaultLogType] Sets the default Log Type to be used by ESMF Log Manager. StiesB8Z4.2Z.B for a list of valid
options. If not speci ed, defaults tESMF_LOG_MULTI

[mpiCommunicator] MPI communicator de ning the group of processes on whichBEBMF application is running.
If not sepci ed, defaults ttlPI_COMM_WORLD

[vm] Returns the globd&ESMF_VMhat was created during initialization.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.
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12.5.2 ESMF_Finalize - Clean up and close the ESMF

INTERFACE:

subroutine ESMF_Finalize(terminationflag, rc)

ARGUMENTS:
type(ESMF_TerminationFlag), intent(in), optional :: ter minationflag
integer, intent(out), optional ore

DESCRIPTION:

Finalize the ESMF. This must be called before the applica¢ixits to allow the ESMF to ush buffers, close open
connections, and release internal resources cleanly. Ptienal argumenterminationflag may be used to
indicate the mode of termination.

The arguments are:

[termination ag] Specify mode of termination. The defaulBSMF_FINALwhich waits for all PETs of the global
VM to reachESMF_Finalize() before termination. See sectibn12]2.1 for a complete fidtdescription
of valid ags.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

12.5.3 User-Code SetServices Method

Many programs call some library routines. The library doeatation must explain what the routine name is, what
arguments are required and what are optional, and what theedoes.

In contrast, all ESMF components must be writterb&ocalledby another part of the program; in effect, an ESMF
component takes the place of a library. The interface isqpitesd by the framework, and the component writer must
provide speci ¢ subroutines which have standard arguniststhnd perform speci ¢ operations.

One of the required interfaces a component must provideeis¢h services method. This subroutine must have an
externally accessible name (be a public symbol), take a oot as the rst argument, and an integer return code
as the second. Both arguments are required and nuoidie declared asptional . If an intent is speci ed in

the interface it must bmtent(inout) for the rst andintent(out) for the second argument. The subroutine
name is not prede ned, itis set by the component writer, bustbe provided as part of the component documentation.
The required function of the set services subroutine isdister the rest of the required functions in the component,
currently initialize, run, and nalize methods. The ESMFtimed

ESMF_<Grid/Cpl>CompSetEntryPoint() should be called for each of the required subroutines.

The names of the initialize, run, and nalize user-code sulkines do not need to be public; in fact it is far better for
them to be private to lower the chances of public symbol dadletween different components.

Within the set services routine, the user can also registevate data block by calling tteSMF_<Grid|Cpl>CompSetinternalSta
method.

Note that a component does not call its own set servicesn@utine AppDriver or parent component code which is
creating a componentwill rst caESMF_<Grid/Cpl>CompCreate() to create an "empty" component, and then
must call the component-speci ¢ set services routine toeiate ESMF-standard methods to user-code methods, and
to create the VM in which this component will run. After sehsees has been called, the framework now will be able
to call the component's initialize, run, and nalize routimas required.

12.5.4 User-Code Initialize, Run, and Finalize Methods

User-code initialize, run, and nalize routines must bepded for each component. See Sectibns]13.6and 14.5 for
the prescribed interfaces and examples of how to set these up
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13 GridComp Class

13.1 Description

In Earth system modeling, the most natural way to think abouESMF Gridded Component, BEMF_GridComp,

is as a piece of code representing a particular physical dhorize. example, an atmospheric model or an ocean model.
In many large modeling systems, each components is dewvklopéts own group of domain experts. The ESMF
Gridded Component construct provides domain experts witrectured, consistent set of component interfaces so
that it is straightforward, at least technically, to comdbsoftware from a number of groups, representing different
physical domains, to form a complex application.

Earth system software components tend to share a numbesicffbatures. Most contain a variety of physical elds;
refer to a (possibly noncontiguous) spatial region and@tipat is partitioned across a set of computational resgurce
and require a clock, usually for stepping a governing set@E® forward in time. Most can also be divided into
distinct initialize, run, and nalize computational phaseThese common characteristics are used within ESMF to
de ne a Gridded Component data structure that is both tildor Earth system modeling and yet is still exible
enough to represent a variety of domains.

More broadly, an ESMF Gridded Component can be based on dtwase with a computational function that is
associated with a grid. This might be a convection or ragilaicheme, a dynamical core, or a data assimilation
system. ESMF allows you to nest Gridded Components, so ligapliysics and dynamics within an atmospheric
model can be considered Gridded Components, along withtthespheric model itself.

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 cdii®ata is passed between
Gridded Components using an intermediary Coupler Compodencribed in Sectidn14.1.

An ESMF Gridded Component has two parts, one which is usétewrand another which is part of the framework.
The user-written part is software representing a physicalan or performing 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
nalize the Gridded Component. These routines can haveragpaallable phases, such as distinct rst and second
initialization steps.

The part provided by ESMF is the Gridded Component derivpd iigelf, ESMF_GridComp. An ESMF_GridComp
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 represgtiinland, ocean, sea ice, and atmosphere. If the appli-
cation contains an ensemble of identical Gridded Companewmery one has its own associaEEaMF_GridComp.
Each Gridded Component has its own name and is allocatedaamnputational resources, in the form of an ESMF
Virtual Machine, or VM.

The user-written part of a Gridded Component is associatddanESMF_GridCompderived type through a routine
called SetServices. This is a routine that the user muséwaitd declare public. Inside the SetServices routine the
user must calESMF_SetEntryPoint  methods that associate a standard ESMF operation with tine o the
corresponding Fortran subroutine in their user code.

For example, a user-written initialization routine callfg@pOceaninit  might be associated with the standard ini-
tialize routine of an ESMF Gridded Component named “POPt tbpresents an ocean model.

13.2 GridComp Options
13.2.1 ESMF_GridCompType

DESCRIPTION:

The ESMF_GridCompType ag identi es what sort of physical domain or computatiorfainction a particular
ESMF_GridComprepresents. The ag values are purely informational; theyret used anywhere within the frame-
work. Use of this ag is optional.

Valid values are:

ESMF_ATM Atmospheric model.

3The idea here is to avoid situations in which slightly diéfer versions of the same model source are maintained fonuiffiérent contexts -
standalone vs. coupled versions, for example.
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ESMF_LAND Land model.

ESMF_OCEAN Ocean model.
ESMF_SEAICE Sea ice model.

ESMF_RIVER River model.

ESMF_OTHER Other type of model or system.

13.3 Use and Examples

A Gridded Component is a computational entity which conssiaral 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.

IPROGRAM: ESMF_GCompEx.F90 - Gridded Component example
IDESCRIPTION:

!
I
!
!
! The skeleton of one of many possible Gridded component mode Is.
I

!

13.3.1 Specifying a User-Code SetServices Routine

EveryESMF_GridCompis required to provide and document a set services routirmanl have any name, but must
follow the declaration below: a subroutine which takese28MF_GridComp as the rst argument, and an integer
return code as the second. Both arguments are required asthotlbe declared asptional . If an intent is
speci ed in the interface it must batent(inout) for the rst andintent(out) for the second argument.

The set services routine must call the ESMF mete&MF_GridCompSetEntryPoint() to register with the
framework what user-code subroutines should be calleditialine, run, and nalize the component. There are
additional routines which can be registered as well, fockpeint and restart functions.

Note that the actual subroutines being registered do nat twalve public to this module; only the set services routine
itself must be available to be used by other code.

I Example Gridded Component
module ESMF_GriddedCompEx

I ESMF Framework module
use ESMF_Mod

implicit none

public GComp_SetServices

contains

subroutine GComp_SetServices(comp, rc)
type(ESMF_GridComp) :: comp
integer :: rc
I SetServices the callback routines.

call ESMF_GridCompSetEntryPoint(comp, ESMF_SETINIT, GC omp_Init, 0, rc)
call ESMF_GridCompSetEntryPoint(comp, ESMF_SETRUN, GCo mp_Run, 0, rc)
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call ESMF_GridCompSetEntryPoint(comp, ESMF_SETFINAL, G Comp_Final, 0, rc)
I If desired, this routine can register a private data block

| to be passed in to the routines above:

I call ESMF_GridCompSetData(comp, mydatablock, rc)

rc = ESMF_SUCCESS

end subroutine

13.3.2 Specifying a User-Code Initialize Routine

When a higher level component is ready to begin using&MF_GridComp, it will call its initialize routine. The
component writer must supply a subroutine with the exadinggsequence below; no arguments can be optional, and
the types and order must match.

At initialization time the component can allocate data spapen data les, set up initial conditions; anything it dse

to do to prepare to run.

Therc return code should be set if an error occurs, otherwise theE#EMF_SUCCESShould be returned.

subroutine GComp_Init(comp, importState, exportState, ¢ lock, rc)
type(ESMF_GridComp) :: comp
type(ESMF_State) :: importState, exportState
type(ESMF_Clock) :: clock
integer :: rc

print *, "Gridded Comp Init starting"

I This is where the model specific setup code goes.

I If the initial Export state needs to be filled, do it here.
Icall ESMF_StateAddField(exportState, field, rc)

Icall ESMF_StateAddBundle(exportState, bundle, rc)

print *, "Gridded Comp Init returning"

rc = ESMF_SUCCESS

end subroutine GComp_Init

13.3.3 Specifying a User-Code Run Routine

During the execution loop, the run routine may be called mtimgs. Each time it should read data from the
importState  , use theclock to determine what the current time is in the calling compongsmpute new values

or process the data, and produce any output and place it exffatState

When a higher level component is ready to useE$MF_GridComp it will call its run routine. The component
writer must supply a subroutine with the exact calling segqeaebelow; no arguments can be optional, and the types
and order must match.

It is expected that this is where the bulk of the model comiriaor data analysis will occur.

Therc return code should be set if an error occurs, otherwise the#=SMF_SUCCES$§hould be returned.

subroutine GComp_Run(comp, importState, exportState, cl ock, rc)
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type(ESMF_GridComp) :: comp

type(ESMF_State) :: importState, exportState
type(ESMF_Clock) :: clock

integer :: rc

print *, "Gridded Comp Run starting"

I call ESMF_StateGetField(), etc to get fields, bundles, ar rays
I from import state.

I This is where the model specific computation goes.

I Fill export state here using ESMF_StateAddField(), etc
print *, "Gridded Comp Run returning"

rc = ESMF_SUCCESS

end subroutine GComp_Run

13.3.4 Specifying a User-Code Finalize Routine

At the end of application execution, eaEBMF_GridComp should deallocate data space, close open les, and ush
nal results. These functions should be placed in a naliratine.
Therc return code should be set if an error occurs, otherwise theEEMF_SUCCESShould be returned.
subroutine GComp_Final(comp, importState, exportState, clock, rc)
type(ESMF_GridComp) :: comp
type(ESMF_State) :: importState, exportState
type(ESMF_Clock) :: clock
integer :: rc
print *, "Gridded Comp Final starting"
! Add whatever code here needed
print *, "Gridded Comp Final returning"
rc = ESMF_SUCCESS
end subroutine GComp_Final

end module ESMF_GriddedCompEx

I IPROGRAM: ESMF_|InternalStateEx - Example of using Set/Ge t Internal State
I

! IDESCRIPTION:

I Example of using the Component level Internal State routin es.

I These include:
! ESMF_GridCompGetinternalState
! ESMF_GridCompSetinternalState

50



ESMF_CplCompGetinternalState
ESMF_CplCompSetinternalState

These routines save the address of an internal, private dat
during the execution of a Component's Initialize, Run, or F
code, and retrieve the address back during a different invo
of these routines. See the code below for examples of use.

I ESMF Framework module
use ESMF_Mod
implicit none

type(ESMF_GridComp) :: compl
integer :: rc, finalrc

! Internal State Variables
type testData

sequence
integer :: testValue
real :: testScaling
end type
type dataWrapper
sequence
type(testData), pointer :: p
end type

type (dataWrapper) :: wrapl, wrap2
type(testData), target :: datal, data2

finalrc = ESMF_SUCCESS

call ESMF_Initialize(rc=rc)
if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

I Creation of a Component
compl = ESMF_GridCompCreate(name="test", rc=rc)
if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

This could be called, for example, during a routine's initi

I Set Internal State
datal%testValue = 4567
datal%testScaling = 0.5
wrapl%p => datal

call ESMF_GridCompSetinternalState(compl, wrapl, rc)
if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE
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I And this could be called, for example, during a routine's ru n phase.

! I Get Internal State
! ! note that we do not assign the pointer inside wrap2 - this ca I
! I does that.

call ESMF_GridCompGetinternalState(compl, wrap2, rc)

if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

data2 = wrap2%p
if ((data2%testValue .ne. 4567) .or. (data2%testScaling . ne. 0.5)) then
print *, "did not get same values back"
finalrc = ESMF_FAILURE
else
print *, "got same values back from GetinternalState as orig inal"
endif

13.4 Restrictions and Future Work

1. No Transforms. Components must exchange data throB@WF_State objects. The input data are available
at the time the user Component code is called, and data tdureed to another Component are available when
that code returns.

2. Data isolation. Gridded Components must only communicate with other coraptavia data in State objects.
They must not make direct references to data in other States.

3. Namespace isolation.If possible, Gridded Components should attempt to make ah ghrivate, so public
names do not interfere with data in other components.

4. Single execution mode.It is not expected that a single Gridded Component be ablariotion in both se-
guential and concurrent modes, although Gridded Compeéwmiifferent types can be nested. For example, a
concurrently called Gridded Component can contain seversted sequential Gridded Components.

13.5 Class API: Basic GridComp Methods
13.5.1 ESMF_GridCompCreate - Create a Gridded Component

INTERFACE:
recursive function ESMF_GridCompCreate(name, gridcompt ype, grid, &
config, configFile, clock, petList, contextflag, parentV m, rc)
RETURN VALUE:
type(ESMF_GridComp) :: ESMF_GridCompCreate
ARGUMENTS:
lexternal :: services
character(len=*), intent(in), optional :: name
type(ESMF_GridCompType), intent(in), optional :: gridco mptype
type(ESMF_Grid), intent(inout), optional :: grid
type(ESMF_Config), intent(inout), optional :: config
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character(len=%*), intent(in), optional :: configFile

type(ESMF_Clock), intent(inout), optional :: clock
integer, intent(in), optional :: petList(:)
type(ESMF_ContextFlag), intent(in), optional :: context flag
type(ESMF_VM), intent(inout), optional :: parentVm
integer, intent(out), optional :: rc

DESCRIPTION:

Create arESMF_GridComp object.
The return value is the neSMF_GridComp.
The arguments are:

[name] Name of the newly-creatdelSMF_GridComp. This name can be altered from within tBEMF_GridComp
code once the initialization routine is called.

[gridcomptype] ESMF_GridCompmodeltype, where modelincludESMF_ATM, ESMF_LAND, ESMF_OCEAN,
ESMF_SEAICE, ESMF_RIVERNOote that this has no meaning to the framework, it is an atiwot for user
code to query.

[grid] DefaultESMF_Grid associated with thigridcomp .

[con g] Analready-createESMF_Config con guration object from which the new component can reagdimelist-
type information to set parameters for this run. If both gecs ed, this object takes priority oveonfigFile

[con gFile] The lename of anESMF_Config format le. If speci ed, this le is opened arESMF_Config con-
guration objectis created for the le, and attached to tlesucomponent. The user can daBMF_GridCompGet()
to get and use the object. If both are speci ed, thafig object takes priority over this one.

[clock] Component-speci @ESMF_Clock. This clock is available to be queried and updated by theE®MF_GridComp
as it chooses. This should not be the parent component chdtkh should be maintained and passed down to
the initialize/run/ nalize routines separately.

[petList] List of parentPETs given to the created child component by the parent comporiepetList  is not
speci ed all of the parerfPETs will be given to the child component. The order of PETgetList  determines
how the child local PETs refer back to the parent PETSs.

[context ag] Specify the component's VM context. The default conte @&F_CHILD _IN_NEW_VNMBee section
for a complete list of valid ags.

[parentVm] ESMF_VNMobject for the current component. This will become the paE®MF_VMor the newly
createdeSMF_GridComp object. By default the current VM is determined automaltyjcal

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

13.5.2 ESMF_GridCompDestroy - Release resources for a Grigbmp

INTERFACE:
subroutine ESMF_GridCompDestroy(gridcomp, rc)
ARGUMENTS:

type(ESMF_GridComp) :: gridcomp
integer, intent(out), optional :: rc
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DESCRIPTION:

Releases all resources associated withE3MF_GridComp.
The arguments are:

gridcomp Release all resources associated with B88F GridComp and mark the object as invalid. It is an error
to pass this object into any other routines after being destt.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

13.5.3 ESMF_GridCompFinalize - Call the GridComp's naliz e routine

INTERFACE:
recursive subroutine ESMF_GridCompFinalize(gridcomp, i mportState, &
exportState, clock, phase, blockingflag, rc)
ARGUMENTS:
type (ESMF_GridComp) ;. gridcomp
type (ESMF_State), intent(inout), optional :: importStat e
type (ESMF_State), intent(inout), optional :: exportStat e
type (ESMF_Clock), intent(inout), optional :: clock
integer, intent(in), optional :: phase
type (ESMF_BIlockingFlag), intent(in), optional :: blocki ngflag
integer, intent(out), optional :: rc
DESCRIPTION:

Call the associated user-supplied nalization code foE&MF_GridComp.
The arguments are:

gridcomp TheESMF_GridCompto call nalize routine for.

[importState] ESMF_State containing import data. If not present, a dummy argumenthelpassed to the user-
supplied routine. The importState argument in the user cadaot be optional.

[exportState] ESMF_State containing export data. If not present, a dummy argumeritheilpassed to the user-
supplied routine. The exportState argument in the user cadeot be optional.

[clock] ExternalESMF_Clock for passing in time information. This is generally the pammponent's clock, and
will be treated as read-only by the child component. Thedcbidimponent can maintain a private clock for its
own internal time computations. If not present, a dummy argt will be passed to the user-supplied routine.
The clock argument in the user code cannot be optional.

[phase] Component providers must document whether their each ofthiatines aresingle-phaser multi-phase
Single-phase routines require only one invocation to cetegheir work. Multi-phase routines provide multiple
subroutines to accomplish the work, accomodating compsmvetnich must complete part of their work, return
to the caller and allow other processing to occur, and thetirmee the original operation. For single-phase child
components this argument is optional, but if speci ed it mosESMF_SINGLEPHASH-or multiple-phase
child components, this is the integer phase number to bééatlo

[blocking ag] Blocking behavior of this method call. See secfiond.1.24fist of valid blocking options. Default
option isSESMF_VASBLOCKIN&hich blocks PETs and their spawned off threads across eA8hovt does
not synchronize PETSs that run in different VASs.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.
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13.5.4 ESMF_GridCompGet - Query a GridComp for information

INTERFACE:

subroutine ESMF_GridCompGet(gridcomp, name, gridcompty

grid, config, configFile, clock, vm, contextflag, rc)

ARGUMENTS:

type(ESMF_GridComp), intent(inout) :: gridcomp
character(len=*), intent(out), optional :: name
type(ESMF_GridCompType), intent(out), optional :: gridc
type(ESMF_Grid), intent(out), optional :: grid
type(ESMF_Config), intent(out), optional :: config
character(len=%*), intent(out), optional :: configFile
type(ESMF_Clock), intent(out), optional :: clock
type(ESMF_VM), intent(out), optional :: vm
type(ESMF_ContextFlag), intent(out), optional :: contex
integer, intent(out), optional :: rc
DESCRIPTION:

Returns information about e8SMF_GridComp. For queries where the caller only wants a single value,igptne

pe, &

omptype

tflag

argument by name. All the arguments after ¢gnielcomp argument are optional to facilitate this.

The arguments are:

gridcomp ESMF_GridComp object to query.

[name] Return the name of thESMF_GridComp.

[gridcomptype] Return the model type of thESMF_GridComp.

[grid] Return theeSMF_Grid associated with thiESMF_GridComp.
[con g] ReturntheeSMF_Config object for thisESMF_GridComp.
[con gFile] Returnthe con guration lename for thiESMF_GridComp.
[clock] Return the private clock for thESMF_GridComp.

[vm] Return theeSMF_VMor thisESMF_GridComp.

[context ag] Return theESMF_ContextFlag for this ESMF_GridComp. See sectiof @.1.3 for a complete list of

valid ags.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

13.5.5 ESMF_GridComplnitialize - Call the GridComp's init ialize routine

INTERFACE:

recursive subroutine ESMF_GridComplnitialize(gridcomp

, importState, &

exportState, clock, phase, blockingflag, rc)

ARGUMENTS:

55



type (ESMF_GridComp) :: gridcomp

type (ESMF_State), intent(inout), optional :: importStat e
type (ESMF_State), intent(inout), optional :: exportStat e
type (ESMF_Clock), intent(inout), optional :: clock
integer, intent(in), optional :: phase
type (ESMF_BIlockingFlag), intent(in), optional :: blocki ngflag
integer, intent(out), optional :: rc

DESCRIPTION:

Call the associated user initialization code for a gridcomp
The arguments are:

gridcomp ESMF_GridCompto call initialize routine for.

[importState] ESMF_State containing import data for coupling. If not present, a dunmamyument will be passed
to the user-supplied routine. The importState argumeritéruser code cannot be optional.

[exportState] ESMF_State containing export data for coupling. If not present, a dunargument will be passed
to the user-supplied routine. The exportState argumehgmiser code cannot be optional.

[clock] ExternalESMF_Clock for passing in time information. This is generally the pammponent's clock, and
will be treated as read-only by the child component. Thedcbidmponent can maintain a private clock for its
own internal time computations. If not present, a dummy argut will be passed to the user-supplied routine.
The clock argument in the user code cannot be optional.

[phase] Component providers must document whether their each of thatines aresingle-phaser multi-phase
Single-phase routines require only one invocation to cetegheir work. Multi-phase routines provide multiple
subroutines to accomplish the work, accomodating compsmvenich must complete part of their work, return
to the caller and allow other processing to occur, and thetirmae the original operation. For single-phase child
components this argument is optional, but if speci ed it Mbs ESMF_SINGLEPHASH-or multiple-phase
child components, this is the integer phase number to bééaulo

[blocking ag] Blocking behavior of this method call. See secfiond.1.24fist of valid blocking options. Default
option isESMF_VASBLOCKIN@hich blocks PETs and their spawned off threads across eaghbut does
not synchronize PETSs that run in different VASs.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

13.5.6 ESMF_GridCompPrint - Print the contents of a GridComp

INTERFACE:
subroutine ESMF_GridCompPrint(gridcomp, options, rc)
ARGUMENTS:

type(ESMF_GridComp) :: gridcomp
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Prints information about aBSMF_GridComp to stdout
The arguments are:

gridcomp ESMF_GridCompto print.
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[options] Print options are not yet supported.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

13.5.7 ESMF_GridCompRun - Call the GridComp's run routine

INTERFACE:
recursive subroutine ESMF_GridCompRun(gridcomp, import State, exportState,&
clock, phase, blockingflag, rc)
ARGUMENTS:
type (ESMF_GridComp) :; gridcomp
type (ESMF_State), intent(inout), optional :: importStat e
type (ESMF_State), intent(inout), optional :: exportStat e
type (ESMF_Clock), intent(inout), optional :: clock
integer, intent(in), optional :: phase
type (ESMF_BIlockingFlag), intent(in), optional :: blocki ngflag
integer, intent(out), optional :: rc
DESCRIPTION:

Call the associated user run code forlEeBMF_GridComp.
The arguments are:

gridcomp ESMF_GridCompto call run routine for.

[importState] ESMF_State containing import data. If not present, a dummy argumenthelpassed to the user-
supplied routine. The importState argument in the user cadaot be optional.

[exportState] ESMF_State containing export data. If not present, a dummy argumerntbeilpassed to the user-
supplied routine. The exportState argument in the user cadeot be optional.

[clock] ExternalESMF_Clock for passing in time information. This is generally the pammponent's clock, and
will be treated as read-only by the child component. Thedcbdmponent can maintain a private clock for its
own internal time computations. If not present, a dummy argut will be passed to the user-supplied routine.
The clock argument in the user code cannot be optional.

[phase] Component providers must document whether their each ofthiatines aresingle-phaser multi-phase
Single-phase routines require only one invocation to cetegheir work. Multi-phase routines provide multiple
subroutines to accomplish the work, accomodating comgsvetnich must complete part of their work, return
to the caller and allow other processing to occur, and thetirmee the original operation. For single-phase child
components this argument is optional, but if speci ed it mosESMF_SINGLEPHASH-or multiple-phase
child components, this is the integer phase number to bé&aw.df multiple-phase restore, which phase number
this is. Pass in 0 dESMF_SINGLEPHASEor non-multiples.

[blocking ag] Blocking behavior of this method call. See secfiond.1.24fist of valid blocking options. Default
option isESMF_VASBLOCKIN@hich blocks PETs and their spawned off threads across eaghbut does
not synchronize PETSs that run in different VASs.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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13.5.8 ESMF_GridCompSet - Set or reset information about tek GridComp

INTERFACE:
subroutine ESMF_GridCompSet(gridcomp, name, gridcompty pe, grid, &
config, configFile, clock, rc)
ARGUMENTS:
type(ESMF_GridComp), intent(inout) :: gridcomp
character(len=%*), intent(in), optional :: name
type(ESMF_GridCompType), intent(in), optional :: gridco mptype
type(ESMF_Grid), intent(inout), optional :: grid
type(ESMF_Config), intent(inout), optional :: config
character(len=%*), intent(in), optional :: configFile
type(ESMF_Clock), intent(inout), optional :: clock
integer, intent(out), optional :: rc
DESCRIPTION:

Sets or resets information about BEMF_GridComp. The caller can set individual values by specifying the argu
ments by name. All the arguments excgpaticomp are optional to facilitate this.
The arguments are:

gridcomp ESMF_GridCompto change.

[name] Set the name of thESMF_GridComp.

[gridcomptype] Set the model type for thiESMF_GridComp.
[grid] SettheESMF_Grid associated with thESMF_GridComp.

[con g] Setthe con guration information for thESMF_GridComp from this already createtSMF_Config ob-
ject. If speci ed, takes priority oveconfigFile

[con gFile] Set the con guration lename for thiESMF_GridComp. An ESMF_Config object will be created
for this le and attached to thESMF_GridComp. Superceeded byonfig  if both are speci ed.

[clock] Set the private clock for thiESMF_GridComp.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

13.5.9 ESMF_GridCompValidate - Check validity of a GridComp

INTERFACE:
subroutine ESMF_GridCompValidate(gridcomp, options, rc )
ARGUMENTS:

type(ESMF_GridComp) :: gridcomp
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Currently all this method does is to check that tliglcomp  exists.
The arguments are:
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gridcomp ESMF_GridCompto validate.
[options] Validation options are not yet supported.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

13.5.10 ESMF_GridCompWait - Wait for a GridComp to return

INTERFACE:
subroutine ESMF_GridCompWait(gridcomp, blockingFlag, r C)
ARGUMENTS:
type(ESMF_GridComp), intent(inout) ;. gridcomp
type (ESMF_BlockingFlag), intent(in), optional :: blocki
integer, intent(out), optional nore
DESCRIPTION:

When executing asychronously, wait forBBMF_GridCompto return.
The arguments are:

gridcomp ESMF_GridCompto wait for.

ngFlag

[blockingFlag] Blocking behavior of this method call. See secfion9.1.24ftist of valid blocking options. Default
option isESMF_VASBLOCKIN@hich blocks PETs and their spawned off threads across eaghbut does

not synchronize PETSs that run in different VASs.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

13.5.11 ESMF_GridComplsPetLocal - Inquire if this componat is to execute on the calling PET.

INTERFACE:

recursive function ESMF_GridComplsPetLocal(gridcomp, r
RETURN VALUE:

logical :: ESMF_GridComplsPetLocal

ARGUMENTS:
type(ESMF_GridComp), intent(inout) :: gridcomp
integer, intent(out), optional :: rc
DESCRIPTION:

Inquire if thisESMF_GridComp object is to execute on the calling PET.
The return value igrue. if the componentis to execute on the calling PHEalse.
The arguments are:

gridcomp ESMF_GridComp queried.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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13.6 Class API: SetServices and Related Methods
13.6.1 ESMF_GridCompGetinternalState - Get private data lbock pointer

INTERFACE:
subroutine ESMF_GridCompGetinternalState(gridcomp, da taPointer, rc)
ARGUMENTS:

type(ESMF_GridComp), intent(inout) :: gridcomp
type(any), pointer, intent(in) :: dataPointer
integer, intent(out) :: rc

DESCRIPTION:

Available to be called by aBSMF_GridCompat any time afteESMF_GridCompSetinternalState has been
called. Since init, run, and nalize must be separate sutimes data that they need to share in common can either
be module global data, or can be allocated in a private datekkdnd the address of that block can be registered
with the framework and retrieved by this call. When runningltiple instantiations of aleSMF_GridComp, for
example during ensemble runs, it may be simpler to maintairaie data specic to each run with private data
blocks. A correspondingSMF_GridCompSetinternalState call sets the data pointer to this block, and this
call retrieves the data pointer. Note that ttetaPointer ~ argument needs to be a derived type which contains only
a pointer of the type of the data block de ned by the user. Winaking this call the pointer needs to be unassociated.
When the call returns the pointer will now reference the iodgdata block which was set during the previous call to
ESMF_GridCompSetinternalState

The arguments are:

gridcomp An ESMF_GridComp object.

dataPointer A derived type, containing only an unassociated pointenégtrivate data block. The framework will |l
in the pointer. When this call returns the pointer is set éosilime address set durlB§MF_GridCompSetinternalState
This level of indirection is needed to reliably set and mteithe data block no matter which architecture or com-
piler is used.

rc Return code; equaBSMF_SUCCESi§there are no errors. Note: unlike most other ESMF routitid@s argument
is not optional because of implementation considerations.

13.6.2 ESMF_GridCompSetEntryPoint - Set name of GridComp sbroutines

INTERFACE:
subroutine ESMF_GridCompSetEntryPoint(gridcomp, subro utineType, &
subroutineName, phase, rc)
ARGUMENTS:

type(ESMF_GridComp), intent(inout) :: gridcomp
character(len=*), intent(in) :: subroutineType
subroutine, intent(in) :: subroutineName
integer, intent(in) :: phase

integer, intent(out) :: rc

DESCRIPTION:
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Intended to be called by &SMF_GridCompduring the registration process. ASMF_GridCompcallsESMF_GridCompSetEntry
for each of the prede ned init, run, and nalize routines assocate the internal subroutine to be called for each func-

tion. If multiple phases for init, run, or nalize are needéis can be called with phase numbers.

After this subroutine returns, the framework now knows hoveall the initialize, run, and nalize routines for this

child ESMF_GridComp.

The arguments are:

gridcomp An ESMF_GridComp object.
subroutineType One of a set of prede ned subroutine types - €§MF_SETINIT, ESMF_SETRUNESMF_SETFINAL

subroutineName The name of thgridcomp subroutine to be associated with thgbroutineType . This sub-
routine does not have to be public to the module.

phase ForESMF_GridComps which need to initialize or run or nalize with mutiple ptexs the phase number which
corresponds to this subroutine name. For single phase wiles use the parameteBEMF_SINGLEPHASE
The ESMF_GridComp writer must document the requirements of 88MF_GridComp for how and when
the multiple phases are expected to be called.

rc Return code; equaBSMF_SUCCESiSthere are no errors. Note: unlike most other ESMF routitigs argument
is not optional because of implementation considerations.

13.6.3 ESMF_GridCompSetinternalState - Set private data lock pointer

INTERFACE:
subroutine ESMF_GridCompSetinternalState(gridcomp, da taPointer, rc)
ARGUMENTS:

type(ESMF_GridComp), intent(inout) :: gridcomp
type(any), pointer, intent(in) :: dataPointer
integer, intent(out) :: rc

DESCRIPTION:

Available to be called by aeSMF_GridComp at any time, but expected to be most useful when called dihieg
registration process, or initialization. Since init, ramd nalize must be separate subroutines data that they toeed
share in common can either be module global data, or can @ea#did in a private data block and the address of that
block can be registered with the framework and retrievedutysequent calls. When running multiple instantiations
of an ESMF_GridComp, for example during ensemble runs, it may be simpler to raainprivate data speci c to
each run with private data blocks. A correspondd®8VF _GridCompGetinternalState call retrieves the data
pointer.

The arguments are:

gridcomp An ESMF_GridComp object.

dataPointer A pointer to the private data block, wrapped in a derived typéh contains only a pointer to the block.
This level of indirection is needed to reliably set and mtei the data block no matter which architecture or
compiler is used.

rc Return code; equaBSMF_SUCCES§there are no errors. Note: unlike most other ESMF routitidgs argument
is not optional because of implementation considerations.
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13.6.4 ESMF_GridCompSetServices - Register GridComp intéace routines

INTERFACE:
subroutine ESMF_GridCompSetServices(gridcomp, subrout ineName, rc)
ARGUMENTS:

type(ESMF_GridComp) :: gridcomp
subroutine :: subroutineName
integer, intent(out) :: rc

DESCRIPTION:

Call a griddedESMF_GridComp's setservices registration routine. The parent componamt rst create an
ESMF_GridComp, then call this routine. The arguments are the object retlifrom the create call, plus the public,
well-known subroutine name that is the registration raufior thisESMF_GridComp. This name must be docu-
mented by th&SMF_GridComp provider.

After this subroutine returns, the framework now knows hoveall the initialize, run, and nalize routines for the
ESMF_GridComp.

The arguments are:

gridcomp An ESMF_GridComp object.

subroutineName The public name of thgridcomp 's ESMF_GridCompSetServices call. AnESMF_GridComp
writer must provide this information. Note that this is thedual subroutine, not a character string.

rc Return code; equalsSMF_SUCCESSthere are no errors. Note: unlike most other ESMF routitigs argument
is not optional because of implementation considerations.

14 CplComp Class

14.1 Description

In a large, multi-component application such as a weatheschsting or climate prediction system running within
ESMF, physical domains and major system functions are septed as Gridded Components (see Se@i)n A
Coupler Component, SMF_CplComp arranges and executes the data transformations betwe&rittded Com-
ponents. Ideally, Coupler Components should contain elinformation about inter-component communication for
an application. This enables the Gridded Components inphBcation to be used in multiple contexts; that is, used
in different coupled con gurations without changes to treurce code. For example, the same atmosphere might in
one case be coupled to an ocean in a hurricane predictionlnamdkin 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 s@fitevis 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 sadtiea regridding, redistribution, lower-level communi-
cations, calendar management, and other functions. HonwEeSMF 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 nalize methods
The interfaces for these methods are prescribed by ESMF.

The second part of a Coupler Component isElSMF_CplCompderived type within ESMF. The user must create one
of these types to represent a speci ¢ coupling functionhsagthe regular transfer of data between a data assimilation
system and an atmospheric modkl.

4Itis not necessary to create a Coupler Component for eadtidndl datatransfer.

62



The user-written part of a Coupler Component is associatddam ESMF_CplCompderived type through a routine
called SetServices. This is a routine that the user musewaind declare public. Inside the SetServices routine
the user must calESMF_SetEntryPoint  methods that associate a standard ESMF operation with tine 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 betagaair of Gridded Components, or a single Coupler
Component can couple more than two Gridded Components.

14.2 Use and Examples

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.

IPROGRAM: ESMF_CpIEX.F90 - Coupler Component example
IDESCRIPTION:

I
!
!
!
! The skeleton of one of many possible Coupler component mode Is.
!

!

14.2.1 Specifying a User-Code SetServices Routine

Every ESMF_CplCompis required to provide and document a set services routtrean have any name, but must
follow the declaration below: a subroutine which take€&MF_CplCompas the rst argument, and an integer return
code as the second. Both arguments are required andnoist declared asptional . If an intent is speci ed in
the interface it must bmtent(inout) for the rst andintent(out) for the second argument.

The set services routine must call the ESMF metB&MF_CplCompSetEntryPoint() to register with the
framework what user-code subroutines should be calleditialine, run, and nalize the component. There are
additional routines which can be registered as well, fockpeint and restart functions.

Note that the actual subroutines being registered do nat tealve public to this module; only the set services routine
itself must be available to be used by other code.

I Example Coupler Component
module ESMF_CouplerEx

I ESMF Framework module
use ESMF_Mod

implicit none

public CPL_SetServices

contains

subroutine CPL_SetServices(comp, rc)
type(ESMF_CplComp) :: comp
integer :: rc
I SetServices the callback routines.

call ESMF_CplCompSetEntryPoint(comp, ESMF_SETINIT, CPL _Init, 0, rc)
call ESMF_CplCompSetEntryPoint(comp, ESMF_SETRUN, CPL_ Run, 0, rc)
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call ESMF_CplCompSetEntryPoint(comp, ESMF_SETFINAL, CP L_Final, 0, rc)

I If desired, this routine can register a private data block
| to be passed in to the routines above:
I call ESMF_CplCompSetinternalState(comp, mydatablock, rc)

rc = ESMF_SUCCESS
end subroutine

14.2.2 Specifying a User-Code Initialize Routine

When a higher level component is ready to begin usinge8MF_CplComp it will call its initialize routine. The
component writer must supply a subroutine with the exadincpsequence below; no arguments can be optional, and
the types and order must match.

At initialization time the component can allocate data gpapen data les, set up initial conditions; anything it dse

to do to prepare to run.

Therc return code should be set if an error occurs, otherwise the#=SMF_SUCCES$hould be returned.

subroutine CPL_Init(comp, importState, exportState, clo ck, rc)
type(ESMF_CplComp) :: comp
type(ESMF_State) :: importState
type(ESMF_State) :: exportState
type(ESMF_Clock) :: clock
integer :: rc

print *, "Coupler Init starting"

! Add whatever code here needed

I Precompute any needed values, fill in any inital values
I needed in Import States

rc = ESMF_SUCCESS

print *, "Coupler Init returning”

end subroutine CPL_Init

14.2.3 Specifying a User-Code Run Routine

During the execution loop, the run routine may be called méimgs. Each time it should read data from the
importState  , use theclock to determine what the current time is in the calling componesmpute new values

or process the data, and produce any output and place it exffa@tState

When a higher level component is ready to useEB&F _CplCompit will call its run routine. The component writer
must supply a subroutine with the exact calling sequenaaheio arguments can be optional, and the types and order
must match.

It is expected that this is where the bulk of the model comimriaor data analysis will occur.

Therc return code should be set if an error occurs, otherwise the#=SMF_SUCCES$§hould be returned.

subroutine CPL_Run(comp, importState, exportState, cloc k, rc)
type(ESMF_CplComp) :: comp

64



type(ESMF_State) :: importState
type(ESMF_State) :: exportState
type(ESMF_Clock) :: clock
integer :: rc

print *, "Coupler Run starting"

! Add whatever code needed here to transform Export state dat a
I into Import states for the next timestep.

rc = ESMF_SUCCESS
print *, "Coupler Run returning"

end subroutine CPL_Run

14.2.4 Specifying a User-Code Finalize Routine

At the end of application execution, eaElSMF_CplCompshould deallocate data space, close open les, and ush
nal results. These functions should be placed in a nalizatine.
Therc return code should be set if an error occurs, otherwise theeEEMF_SUCCESShould be returned.

subroutine CPL_Final(comp, importState, exportState, cl ock, rc)
type(ESMF_CplComp) :: comp
type(ESMF_State) :: importState
type(ESMF_State) :: exportState
type(ESMF_Clock) :: clock
integer :: rc
print *, "Coupler Final starting"

! Add whatever code needed here to compute final values and
I finish the computation.

rc = ESMF_SUCCESS
print *, "Coupler Final returning"
end subroutine CPL_Final

end module ESMF_CouplerEx

I IPROGRAM: ESMF_InternalStateEx - Example of using Set/Ge t Internal State
!

| IDESCRIPTION:

I Example of using the Component level Internal State routin es.

I These include:
! ESMF_GridCompGetinternalState
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ESMF_GridCompSetinternalState
ESMF_CplCompGetinternalState
ESMF_CplCompSetinternalState

These routines save the address of an internal, private dat
during the execution of a Component's Initialize, Run, or F
code, and retrieve the address back during a different invo
of these routines. See the code below for examples of use.

I ESMF Framework module
use ESMF_Mod
implicit none

type(ESMF_GridComp) :: compl
integer :: rc, finalrc

! Internal State Variables
type testData

sequence
integer :: testValue
real ;. testScaling
end type
type dataWrapper
sequence
type(testData), pointer :: p
end type

type (dataWrapper) :: wrapl, wrap2
type(testData), target :: datal, data2

finalrc = ESMF_SUCCESS

call ESMF_Initialize(rc=rc)
if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

I Creation of a Component
compl = ESMF_GridCompCreate(name="test", rc=rc)
if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

This could be called, for example, during a routine's initi
I Set Internal State

datal%testValue = 4567

datal%testScaling = 0.5

wrapl%p => datal

call ESMF_GridCompSetinternalState(compl, wrapl, rc)
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if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

! And this could be called, for example, during a routine's ru n phase.

! I Get Internal State
! ! note that we do not assign the pointer inside wrap2 - this ca I
! ! does that.

call ESMF_GridCompGetinternalState(compl, wrap2, rc)

if (rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

data2 = wrap2%p
if ((data2%testValue .ne. 4567) .or. (data2%testScaling . ne. 0.5)) then
print *, "did not get same values back"
finalrc = ESMF_FAILURE
else
print *, "got same values back from GetinternalState as orig inal"
endif

14.3 Restrictions and Future Work

1. No Transforms. Components must exchange data throB@WF_State objects. The input data are available
at the time the component code is called, and data to be eationanother component are available when that

code returns.

2. No automatic unit conversions. The ESMF framework does not currently contain tools for pering unit

conversions, operations that are fairly standard withioger Components.

3. No accumulator. The ESMF does not have an accumulator tool, to perform tineeaging of elds for cou-

pling. This is likely to be developed in the near term.

14.4 Class API: Basic CplComp Methods
14.4.1 ESMF_CplCompCreate - Create a Coupler Component

INTERFACE:
recursive function ESMF_CplCompCreate(name, config, con figFile, &
clock, petList, contextflag, parentVm, rc)
RETURN VALUE:
type(ESMF_CplComp) :: ESMF_CplCompCreate
ARGUMENTS:
character(len=%*), intent(in), optional :: name
type(ESMF_Config), intent(inout), optional :: config
character(len=%*), intent(in), optional :: configFile
type(ESMF_Clock), intent(inout), optional :: clock
integer, intent(in), optional :: petList(:)
type(ESMF_ContextFlag), intent(in), optional :: context flag
type(ESMF_VM), intent(inout), optional :: parentVm
integer, intent(out), optional :: rc
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DESCRIPTION:

Create arE SMF_CplCompobject.
The return value is the neSMF_CplComp
The arguments are:

[name] Name of the newly-creatddSMF_CplComp This hame can be altered from within tB&MF_CplComp
code once the initialization routine is called.

[con g] Analready-createHSMF_Config con guration object from which the new component can reagimelist-
type information to set parameters for this run. If both gecs ed, this object takes priority oveonfigFile

[con gFile] The lename of arESMF_Config format le. If speci ed, this le is opened, arESMF_Config con-
guration object s created for the le, and attached to tlesucomponent. The user can daBMF_CplCompGet()
to get and use the object. If both are speci ed, thafig object takes priority over this one.

[clock] Component-speci ESMF_Clock. This clock is available to be queried and updated by theE®MF_CplComp
as it chooses. This should not be the parent component chdtkh should be maintained and passed down to
the initialize/run/ nalize routines separately.

[petList] List of parentPETs given to the created child component by the parent comporiepetList  is not
speci ed all of the parenPETs will be given to the child component. The order of PETgetList determines
how the child local PETs refer back to the parent PETSs.

[context ag] Specify the component's VM context. The default conte @&MF _CHILD _IN_NEW_VNMBee section
for a complete list of valid ags.

[parentVm] ESMF_VNMobject for the current component. This will become the paE®MF_VMor the newly
createdeSMF_CplCompobject. By default the current VM is determined automalycal

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.4.2 ESMF_CplCompDestroy - Release resources for a CplG&p

INTERFACE:
subroutine ESMF_CplCompDestroy(cplcomp, rc)
ARGUMENTS:

type(ESMF_CplComp) :: cplcomp
integer, intent(out), optional :: rc

DESCRIPTION:

Releases all resources associated withEH3MF_CplComp
The arguments are:

cplcomp Release all resources associated with B8$F CplCompand mark the object as invalid. Itis an error to
pass this object into any other routines after being desttoy

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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14.4.3 ESMF_CplCompFinalize - Call the CplComp's nalize routine

INTERFACE:
recursive subroutine ESMF_CplCompFinalize(cplcomp, imp ortState, &
exportState, clock, phase, blockingflag, rc)
ARGUMENTS:
type (ESMF_CplComp) :: cplcomp
type (ESMF_State), intent(inout), optional :: importStat e
type (ESMF_State), intent(inout), optional :: exportStat e

type (ESMF_Clock), intent(inout), optional :: clock
integer, intent(in), optional :: phase

type (ESMF_BlockingFlag), intent(in), optional :: blocki ngflag
integer, intent(out), optional :: rc
DESCRIPTION:

Call the associated user-supplied nalization routinedoESMF_CplComp
The arguments are:

cplcomp TheESMF_CplCompto call nalize routine for.

[importState] ESMF_State containing import data for coupling. If not present, a dumanyument will be passed
to the user-supplied routine. The importState argumetitéruser code cannot be optional.

[exportState] ESMF_State containing export data for coupling. If not present, a dunargument will be passed
to the user-supplied routine. The exportState argumehgmiser code cannot be optional.

[clock] ExternalESMF_Clock for passing in time information. This is generally the pammponent's clock, and
will be treated as read-only by the child component. Thedcbidmponent can maintain a private clock for its
own internal time computations. If not present, a dummy argut will be passed to the user-supplied routine.
The clock argument in the user code cannot be optional.

[phase] Component providers must document whether their each of thatines aresingle-phaser multi-phase
Single-phase routines require only one invocation to cetegheir work. Multi-phase routines provide multiple
subroutines to accomplish the work, accomodating compsmvenich must complete part of their work, return
to the caller and allow other processing to occur, and thetirmae the original operation. For single-phase child
components this argument is optional, but if speci ed it mosESMF_SINGLEPHASH-or multiple-phase
child components, this is the integer phase number to béatlo

[blocking ag] Blocking behavior of this method call. See secfiond.1.24fist of valid blocking options. Default
option isESMF_VASBLOCKIN@hich blocks PETs and their spawned off threads across eaghbut does
not synchronize PETSs that run in different VASs.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.4.4 ESMF_CplCompGet - Query a CplComp for information

INTERFACE:
subroutine ESMF_CplCompGet(cplcomp, name, config, confi gFile, clock, &
vm, contextflag, rc)
ARGUMENTS:
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type(ESMF_CplComp), intent(inout) ;. cplcomp

character(len=*), intent(out), optional :: name
type(ESMF_Config), intent(out), optional :: config
character(len=%*), intent(out), optional :: configFile
type(ESMF_Clock), intent(out), optional :: clock
type(ESMF_VM), intent(out), optional :: vm
type(ESMF_ContextFlag), intent(out), optional :: contex tflag
integer, intent(out), optional :: rc

DESCRIPTION:

Returns information about @a8SMF_CplComp For queries where the caller only wants a single value,igpte
argument by name. All the arguments aftpicomp argument are optional to facilitate this.
The arguments are:

cplcomp ESMF_CplCompto query.

[name] Return the name of thESMF_CplComp

[con g] ReturntheeSMF_Config object for thisESMF_CplComp
[con gFile] Return the con guration lename for thiESMF_CplComp
[clock] Return the private clock for thESMF_CplComp

[vm] Return theeSMF_VMor thisESMF_CplComp

[context ag] Return theESMF_ContextFlag for this ESMF_CplComp See sectiof3.1.3 for a complete list of
valid ags.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.4.5 ESMF_CplComplnitialize - Call the CplComp's initialize routine

INTERFACE:
recursive subroutine ESMF_CplComplnitialize(cplcomp, i mportState, &
exportState, clock, phase, blockingflag, rc)
ARGUMENTS:
type (ESMF_CplComp) :: cplcomp
type (ESMF_State), intent(inout), optional :: importStat e
type (ESMF_State), intent(inout), optional :: exportStat e

type (ESMF_Clock), intent(inout), optional :: clock
integer, intent(in), optional :: phase

type (ESMF_BlockingFlag), intent(in), optional :: blocki ngflag
integer, intent(out), optional :: rc
DESCRIPTION:

Call the associated user initialization code for=®MF_CplComp
The arguments are:

cplcomp ESMF_CplCompto call initialize routine for.
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[importState] ESMF_State containing import data for coupling. If not present, a dumamyument will be passed
to the user-supplied routine. The importState argumetitéruser code cannot be optional.

[exportState] ESMF_State containing export data for coupling. If not present, a dunargument will be passed
to the user-supplied routine. The exportState argumehiimuser code cannot be optional.

[clock] ExternalESMF_Clock for passing in time information. This is generally the pammponent's clock, and
will be treated as read-only by the child component. Thedcbidmponent can maintain a private clock for its
own internal time computations. If not present, a dummy argt will be passed to the user-supplied routine.
The clock argument in the user code cannot be optional.

[phase] Component providers must document whether their each of thatines aresingle-phaser multi-phase
Single-phase routines require only one invocation to cetegheir work. Multi-phase routines provide multiple
subroutines to accomplish the work, accomodating compsmvetnich must complete part of their work, return
to the caller and allow other processing to occur, and thetirmae the original operation. For single-phase child
components this argument is optional, but if speci ed it Mbs ESMF_SINGLEPHASH-or multiple-phase
child components, this is the integer phase number to bééatlo

[blocking ag] Blocking behavior of this method call. See secfiond.1.24fist of valid blocking options. Default
option isESMF_VASBLOCKIN@hich blocks PETs and their spawned off threads across eaghbut does
not synchronize PETSs that run in different VASs.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.4.6 ESMF_CplCompPrint - Print the contents of a CplComp

INTERFACE:
subroutine ESMF_CplCompPrint(cplcomp, options, rc)
ARGUMENTS:
type(ESMF_CplComp) :: cplcomp
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Prints information about aBSMF_CplCompto stdout
The arguments are:

cplcomp ESMF_CplCompto print.
[options] Print options are not yet supported.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.4.7 ESMF_CplCompRun - Call the CplComp's run routine
INTERFACE:

recursive subroutine ESMF_CplCompRun(cplcomp, importSt ate, exportState, &
clock, phase, blockingflag, rc)
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ARGUMENTS:

type (ESMF_CplComp) :: cplcomp

type (ESMF_State), intent(inout), optional :: importStat e
type (ESMF_State), intent(inout), optional :: exportStat e
type (ESMF_Clock), intent(inout), optional :: clock

integer, intent(in), optional :: phase

type (ESMF_BIlockingFlag), intent(in), optional :: blocki ngflag
integer, intent(out), optional :: rc
DESCRIPTION:

Call the associated user run code forEeBMF_CplComp
The arguments are:

cplcomp ESMF_CplCompto call run routine for.

[importState] ESMF_State containing import data for coupling. If not present, a dumanyument will be passed
to the user-supplied routine. The importState argumeritéruser code cannot be optional.

[exportState] ESMF_State containing export data for coupling. If not present, a dunargument will be passed
to the user-supplied routine. The exportState argumehiimuser code cannot be optional.

[clock] ExternalESMF_Clock for passing in time information. This is generally the pammponent's clock, and
will be treated as read-only by the child component. Thedcbdmponent can maintain a private clock for its
own internal time computations. If not present, a dummy argut will be passed to the user-supplied routine.
The clock argument in the user code cannot be optional.

[phase] Component providers must document whether their each of thtines aresingle-phaser multi-phase
Single-phase routines require only one invocation to cetegheir work. Multi-phase routines provide multiple
subroutines to accomplish the work, accomodating compsmvenich must complete part of their work, return
to the caller and allow other processing to occur, and thetiruee the original operation. For single-phase child
components this argument is optional, but if speci ed it mosESMF_SINGLEPHASH-or multiple-phase
child components, this is the integer phase number to b&awdf multiple-phase restore, which phase number
this is. Pass in 0 dESMF_SINGLEPHASEor non-multiples. External clock for passing in time infeation.

[blocking ag] Blocking behavior of this method call. See secfiond.1.24fdist of valid blocking options. Default
option isSESMF_VASBLOCKIN@hich blocks PETs and their spawned off threads across eA8hovt does
not synchronize PETSs that run in different VASs.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.4.8 ESMF_CplCompSet - Set or reset information about th€plComp

INTERFACE:
subroutine ESMF_CplCompSet(cplcomp, name, config, confi gFile, clock, rc)
ARGUMENTS:

type(ESMF_CplComp), intent(inout) :: cplcomp
character(len=*), intent(in), optional :: name
type(ESMF_Config), intent(inout), optional :: config
character(len=*), intent(in), optional :: configFile
type(ESMF_Clock), intent(inout), optional :: clock
integer, intent(out), optional :: rc
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DESCRIPTION:

Sets or resets information aboutBS8MF_CplComp The caller can set individual values by specifying the argnts
by name. All the arguments exceggtlcomp are optional to facilitate this.
The arguments are:

cplcomp ESMF_CplCompto change.
[name] Set the name of thESMF_CplComp

[con g] Setthe con guration information for tHESMF_CplCompfrom this already creatddSMF_Config object.
If speci ed, takes priority oveconfigFile

[con gFile] Set the con guration lename for thiE SMF_CplComp An ESMF_Config object will be created for
this le and attached to theSMF_CplComp Superceeded bgonfig if both are speci ed.

[clock] Set the private clock for thiESMF_CplComp
[rc] Return code; equaESMF_SUCCESIibthere are no errors.

14.4.9 ESMF_CplCompValidate — Ensure the CplComp is interally consistent

INTERFACE:
subroutine ESMF_CplCompValidate(cplcomp, options, rc)
ARGUMENTS:
type(ESMF_CplComp) :: cplcomp
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Currently all this method does is to check that tipicomp  exists.
The arguments are:

cplcomp ESMF_CplCompto validate.
[options] Validation options are not yet supported.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

14.4.10 ESMF_CplCompWait - Wait for a CplComp to return

INTERFACE:
subroutine ESMF_CplCompWait(cplcomp, blockingFlag, rc)

ARGUMENTS:
type(ESMF_CplComp), intent(inout) ;2 cplcomp
type (ESMF_BIlockingFlag), intent(in), optional :: blocki ngFlag
integer, intent(out), optional nore
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DESCRIPTION:

When executing asychronously, wait for BEMF_CplCompto return.
The arguments are:

cplcomp ESMF_CplCompto wait for.

[blockingFlag] Blocking behavior of this method call. See secfiond.1.24ftist of valid blocking options. Default
option isESMF_VASBLOCKIN@hich blocks PETs and their spawned off threads across eaghbut does
not synchronize PETSs that run in different VASs.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.4.11 ESMF_CplComplsPetLocal - Inquire if this componehis to execute on the calling PET.

INTERFACE:

recursive function ESMF_CplComplsPetLocal(cplcomp, rc)
RETURN VALUE:

logical :: ESMF_CplComplsPetLocal

ARGUMENTS:
type(ESMF_CplComp), intent(inout) :: cplcomp
integer, intent(out), optional :: rc
DESCRIPTION:

Inquire if thisESMF_CplCompobject is to execute on the calling PET.
The return value igrue. if the componentis to execute on the calling PHalse. otherwise.
The arguments are:

cplcomp ESMF_CplCompqueried.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

14.5 Class API: SetServices and Related Methods
14.5.1 ESMF_CplCompGetinternalState - Get private data bbck pointer

INTERFACE:
subroutine ESMF_CplCompGetinternalState(cplcomp, data Pointer, rc)
ARGUMENTS:

type(ESMF_CplComp), intent(inout) :: cplcomp
type(any), pointer, intent(in) :: dataPointer
integer, intent(out) :: rc

DESCRIPTION:
Available to be called by aBSMF_CplCompat any time afteESMF_CplCompSetinternalState has been

called. Since init, run, and nalize must be separate sutimes data that they need to share in common can either
be module global data, or can be allocated in a private datekkdnd the address of that block can be registered
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with the framework and retrieved by this call. When runningltiple instantiations of areSMF_CplComp for
example during ensemble runs, it may be simpler to maintdiraie data specic to each run with private data
blocks. A correspondingSMF_CplCompSetinternalState call sets the data pointer to this block, and this call
retrieves the data pointer. Note that thegaPointer =~ argument needs to be a derived type which contains only a
pointer of the type of the data block de ned by the user. Whexkimg this call the pointer needs to be unassociated.
When the call returns the pointer will now reference the iodgjdata block which was set during the previous call to
ESMF_CplCompSetinternalState

The arguments are:

cplcomp An ESMF_CplCompobiject.

dataPointer A derived type, containing only an unassociated pointenégtrivate data block. The framework will I
in the pointer. When this call returns the pointer is set éoslime address set durlB§MF_CplCompSetinternalState
This level of indirection is needed to reliably set and eteithe data block no matter which architecture or com-
piler is used.

rc Return code; equaBSMF_SUCCESi§there are no errors. Note: unlike most other ESMF routitid@s argument
is not optional because of implementation considerations.

14.5.2 ESMF_CplCompSetEntryPoint - Set name of CplComp subutines

INTERFACE:
subroutine ESMF_CplCompSetEntryPoint(cplcomp, subrout ineType, &
subroutineName, phase, rc)
ARGUMENTS:

type(ESMF_CplComp), intent(inout) :: cplcomp
character(len=*), intent(in) :: subroutineType
subroutine, intent(in) :: subroutineName
integer, intent(in) :: phase

integer, intent(out) :: rc

DESCRIPTION:

Intended to be called by &SMF_CplCompduring the registration process. ASMF_CplCompcallsESMF_CplCompSetEntryPoi
for each of the prede ned init, run, and nalize routines assocate the internal subroutine to be called for each func-

tion. If multiple phases for init, run, or nalize are needéis can be called with phase numbers.

After this subroutine returns, the framework now knows howveall the initialize, run, and nalize routines for this

child ESMF_CplComp

The arguments are:

cplcomp An ESMF_CplCompobject.
subroutineType One of a set of prede ned subroutine types - €§MF_SETINIT, ESMF_SETRUNESMF_SETFINAL

subroutineName The name of theplcomp subroutine to be associated with thgbroutineType . This sub-
routine does not have to be public to the module.

[phase] For ESMF_CplComgs which need to initialize, run, or nalize with mutiple ptexs the phase number
which corresponds to this subroutine name. For single psaleoutines, either omit this argument, or use
the parameteESMF_SINGLEPHASEThe ESMF_CplCompwriter must document the requirements of the
ESMF_CplCompfor how and when the multiple phases are expected to be called

rc Return code; equalsSMF_SUCCESSthere are no errors. Note: unlike most other ESMF routitiés argument
is not optional because of implementation considerations.
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14.5.3 ESMF_CplCompSetinternalState - Set private data loick pointer

INTERFACE:
subroutine ESMF_CplCompSetinternalState(cplcomp, data Pointer, rc)
ARGUMENTS:

type(ESMF_CplComp), intent(inout) :: cplcomp
type(any), pointer, intent(in) :: dataPointer
integer, intent(out) :: rc

DESCRIPTION:

Available to be called by aBESMF_CplCompat any time, but expected to be most useful when called duhiag
registration process, or initialization. Since init, ramd nalize must be separate subroutines data that they toeed
share in common can either be module global data, or can deasdld in a private data block and the address of that
block can be registered with the framework and retrieveduipssquent calls. When running multiple instantiations
of anESMF_CplComp for example during ensemble runs, it may be simpler to ragirgrivate data speci c to each
run with private data blocks. A correspondiB§MF_CplCompGetinternalState call retrieves the data pointer.
The arguments are:

cplcomp An ESMF_CplCompobject.

dataPointer A pointer to the private data block, wrapped in a derived typéh contains only a pointer to the block.
This level of indirection is needed to reliably set and mtei the data block no matter which architecture or
compiler is used.

rc Return code; equaBSMF_SUCCESi§there are no errors. Note: unlike most other ESMF routitigs argument
is not optional because of implementation considerations.

14.5.4 ESMF_CplCompSetServices - Register CplComp inteate routines

INTERFACE:
subroutine ESMF_CplCompSetServices(cplcomp, subroutin eName, rc)
ARGUMENTS:

type(ESMF_CplComp), intent(inout) :: cplcomp
subroutine, intent(in) :: subroutineName
integer, intent(out) :: rc

DESCRIPTION:

CallanESMF_CplComgs setservices registration routine. The parent compomeist rst create aiESMF_CplComp
then call this routine. The arguments are the object retufn@m the create call, plus the public, well-known,
subroutine name that is the registration routine for 8&WF_CplComp This name must be documented by the
ESMF_CplCompprovider.

After this subroutine returns the framework now knows hoveadl the initialize, run, and nalize routines for the
ESMF_CplComp

The arguments are:

cplcomp An ESMF_CplCompobiject.

subroutineName The public name of theplcomp 's ESMF_CplCompSetServices call. AnESMF_CplComp
writer must provide this information. Note this is the adtisbroutine, not a character string.

rc Return code; equalsSMF_SUCCESSthere are no errors. Note: unlike most other ESMF routitiés argument
is not optional because of implementation considerations.
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15 State Class
15.1 Description

A State contains the data and metadata to be transferreédetaSMF components. It is an important class, because
it de nes a standard for how data is represented in Earttnseieomponents. The State construct is a rational compro-
mise between a fully prescribed interface - one that woutthtle what speci ¢ elds should be transferred between
components - and an interface in which data structures angletely 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 Bundles, Fields, Arrays, and other Stathey cannot directly contain Fortran arrays. Objects
in a State must span the VM on which they are running. For sedlly executing components which run on the
same set of PETSs this happens by calling the object createoaebn each PET creating the object in unison. For
concurrently executing components which are running osetshof PETs, an additional method is provided by the
ESMF to broadcast information about objects which wereteteim subcomponents.

State methods include creation and deletion, adding anigviety data items, adding and retrieving attributes, and
performing queries. An additional method, reconciliatiomakes objects created on a subset of the current PETs
available to all PETs in the current VM.

15.2 State Options
15.2.1 ESMF_StateltemType

DESCRIPTION:
Speci es the type of object being added to or retrieved franE&MF_State.
Valid values are:

ESMF_STATEITEM_BUNDLE Refers to arESMF_Bundle within anESMF_State .
ESMF_STATEITEM_FIELD Refers to areSMF_Field within anESMF_State .
ESMF_STATEITEM_ARRAY Refers to arESMF_Array within anESMF_State .
ESMF_STATEITEM_STATE Refersto alceSMF_State within anESMF_State .
ESMF_STATEITEM_NAME Refers to a data name used as a placeholder withiESiviF_State .

ESMF_STATEITEM_NOTFOUND Only valid as a return object type from a query routine. latks that no object
with this name exists in thESMF_State .

ESMF_STATEITEM_UNKNOWN Object type within arESMF_State is unknown.

15.2.2 ESMF_StateType

DESCRIPTION:
Speci es whether aESMF_State contains data to be imported into a component or exported #acomponent.
Valid values are:

ESMF_STATE_IMPORT Contains data to be imported into a component.
ESMF_STATE_EXPORT Contains data to be exported out of a component.
ESMF_STATE_INVALID Does not contain valid data.
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15.3 Use and Examples

A Gridded Component generally has one associated impd# &tal one export State. Generally the States associated
with a Gridded Component will be created by the Gridded Camep's parent component. In many cases, the States
will be created containing no data. Both the empty Statestlamahewly created Gridded Component are passed by
the parent component into the Gridded Component's irtiainethod. This is where the States get prepared for use
and the import State is rst lled with data.

States can be created without the Fields, Arrays, Bundiespther States they will eventually contain in a number
of ways. They can be created with names as placeholders wiese data items will eventually be. When the States
are passed into the Gridded Component's initialize metkaeld, Bundle, and Array create calls can be made in that
method to replace the name placeholders with real datatsbjec

States can also be lled with data items that do not yet have dhocated. Fields, Bundles, and Arrays each have
methods that support their creation without actual datascation - the grid and metadata are set up but no Fortran
array of data values is allocated. In this approach, wherate $ passed into its associated Gridded Component's
initialize method, the incomplete Arrays, Fields, and Blesdvithin the State can allocate or reference data insiele th
initialize method.

States are passed through the interfaces of the Gridded anglé€Z Components' run methods in order to carry
data between the components. While we expect a Gridded Quenps import State to be lled with data during
initialization, its export State will typically be lled osr the course of its run method. At the end of a Gridded
Component's run method, the lled export State is passedtmatugh the argument list into a Coupler Component's
run method. We recommend the convention that it enters thpl@pComponent as the Coupler Component's import
State. Here is it transformed into a form that another Grdd@emponent requires, and passed out of the Coupler
Component as its export State. It can then be passed intathenethod of a recipient Gridded Component as that
component's import State.

While the above sounds complicated, the rule is simple: & $ting into a component is an import State, and a State
leaving a component is an export State.

Data items within a State can be marked needed or not neeglgelhding on whether they are required for a particular
application con guration. If the item is marked not need#dte user can make the Gridded Component's initialize
method clever enough to not allocate the data for that iteall @nd not compute it within the Gridded Component
code. For example, some diagnostics may not be desired fomal

Other ags will eventually be available for data items witha State, such as data ready for reading or writing, data
valid or invalid, and data required for restart or not. Thasenot yet fully implemented, so only the default value for
each value can be set at this time.

Objects inside States are normally createdrirson where each PET executing a component makes the same object
create call. If the object contains data, like a Field, eagff ay have a different local chunk of the entire dataset
but each Field has the same name and is logically one partiofjke slistributed object. As States are passed between
components if any object in a State was not created in unis@f the current PETs then some PETs have no object to
pass into a communication method (e.g. regrid or data r#alision). A State method called reconcile must be called
to broadcast information about these objects to all PETsconaponent; after which all PETs have a single uniform
view of all objects.

If components are running in sequential mode on all aval&itTs and States are being passed between them there
is no need to make the reconcile call since all PETs have aumifiew of the objects. However, if components are
running on a subset of the PETS, as is usually the case whamgiim concurrent mode, then when States are passed
into components which contain a superset of those PETs,xmmple, a Coupler Component, all PETs must call
reconcile on the States before using them in any ESMF conuation methods. The reconcile process broadcasts
metadata information about objects which exist only on &stibf the PETs. On PETs missing those objects it creates
aproxyobject which contains any attributes of the original objias enough information for it to be a data source or
destination for a regrid or data redistribution operation.

IPROGRAM: ESMF_StateEx - State creation and operation
IDESCRIPTION:

This program shows examples of State creation and manipula tion
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! ESMF Framework module
use ESMF_Mod
implicit none

! Local variables

integer :: rc

character(ESMF_MAXSTR) :: statename, bundlename, datana me
ltype(ESMF_Field) :: fieldl

type(ESMF_Bundle) :: bundlel, bundle2

type(ESMF_State) :: statel, state2, state3

15.3.1 Empty State Create
Creation of an emptESMF_State , which will be added to later.

statename = "Atmosphere"
statel = ESMF_StateCreate(statename, statetype=ESMF_ST ATE_IMPORT, rc=rc)

15.3.2 Adding Items to a State

Creation of an emptESMF_State , and adding aESMF_Bundle to it. Note that th&eSMF_Bundle does not get
destroyed when theSMF_State is destroyed; thESMF_State only contains a reference to the objects it contains.
It also does not make a copy; the original objects can be eddatd code accessing them by usingESMF_State

will see the updated version.

statename = "Ocean"
state2 = ESMF_StateCreate(statename, statetype=ESMF_ST ATE_EXPORT, rc=rc)

bundlename = "Temperature"
bundlel = ESMF_BundleCreate(name=bundlename, rc=rc)
print *, "Bundle Create returned", rc

call ESMF_StateAddBundle(state2, bundlel, rc)
print *, "StateAddBundle returned”, rc

call ESMF_StateDestroy(state2, rc)

call ESMF_BundleDestroy(bundlel, rc)

15.3.3 Adding Placeholders to a State

If a component could potentially produce a large number ¢ibopl items, one strategy is to add the names only of
those objects to thESMF_State . Other components can call framework routines to setB88MF NEEDERg

to indicate they require that data. The original componantguery this ag and then produce only the data what is
required by another component.

statename = "Ocean"
state3 = ESMF_StateCreate(statename, statetype=ESMF_ST ATE_EXPORT, rc=rc)
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dataname = "Downward wind"
call ESMF_StateAddNameOnly(state3, dataname, rc)

dataname = "Humidity"
call ESMF_StateAddNameOnly(state3, dataname, rc)

15.3.4 Marking an Item Needed
How to set theNEEDEtate of an item.

dataname = "Downward wind"
call ESMF_StateSetNeeded(state3, dataname, ESMF_NEEDED , rc)

15.3.5 Creating a Needed Item

Query an item for théNEEDEDstatus, and creating an item on demand. Similar ags existReady", "Valid", and
"Required for Restart", to mark each data item as readynligaveen validated, or needed if the application is to be
checkpointed and restarted. The ags are supported to lrelplnate the data exchange between components.

dataname = "Downward wind"
if (ESMF_StatelsNeeded(state3, dataname, rc)) then

bundlename = dataname
bundle2 = ESMF_BundleCreate(name=bundlename, rc=rc)

call ESMF_StateAddBundle(state3, bundle2, rc)

else

print *, "Data not marked as needed", trim(dataname)
endif

15.3.6 Initialization and SetServices Routines

These are the separate subroutines called by the code above.

I Initialize routine which creates "field1" on PETs 0 and 1
subroutine compl_init(gcomp, istate, ostate, clock, rc)
type(ESMF_GridComp), intent(inout) :: gcomp
type(ESMF_State), intent(inout) :: istate, ostate
type(ESMF_Clock), intent(in) :: clock
integer, intent(out) :: rc

type(ESMF_Field) :: fieldl
integer :: localrc

print *, "i am compl_init"

fieldl = ESMF_FieldCreateNoData(name="Compl Field", rc= localrc)
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call ESMF_StateAddField(istate, field1l, rc=localrc)
rc = localrc
end subroutine compl_init
I Initialize routine which creates "“field2" on PETs 2 and 3
subroutine comp?2_init(gcomp, istate, ostate, clock, rc)
type(ESMF_GridComp), intent(inout) :: gcomp
type(ESMF_State), intent(inout) :: istate, ostate
type(ESMF_Clock), intent(in) :: clock
integer, intent(out) :: rc

type(ESMF_Field) :: field2
integer :: localrc

print *, "i am comp2_init"
field2 = ESMF_FieldCreateNoData(name="Comp2 Field", rc= localrc)
call ESMF_StateAddField(istate, field2, rc=localrc)
rc = localrc
end subroutine comp2_init
subroutine comp_dummy(gcomp, rc)
type(ESMF_GridComp), intent(inout) :: gcomp
integer, intent(out) :: rc
rc = ESMF_SUCCESS
end subroutine comp_dummy
IPROGRAM: ESMF_StateReconcileEx - State reconciliation
IDESCRIPTION:

This program shows examples of using the State Reconcile fu nction

I ESMF Framework module

use ESMF_Mod

use ESMF_StateReconcileEx Mod
implicit none

! Local variables

integer :: rc, petCount

type(ESMF_State) :: statel

type(ESMF_GridComp) :: compl, comp2

type(ESMF_VM) :: vm

character(len=ESMF_MAXSTR) :: complname, comp2name, sta tename
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15.3.7 Creating Components on subsets of the current PET tis

A Component can be created which will run only on a subset®ttirrent PET list.

I Get the global VM for this job.
call ESMF_VMGetGlobal(vm=vm, rc=rc)

complname = "Atmosphere”
compl = ESMF_GridCompCreate(name=complname, petList=(/ 0, 1 /), rc=rc)

print *, "GridComp Create returned, name = ", trim(complnam e)

comp2name = "Ocean"
comp2 = ESMF_GridCompCreate(name=comp2name, petList=(/ 2, 3 /), rc=rc)

print *, "GridComp Create returned, name = ", trim(comp2nam e)

statename = "Ocn2Atm"
statel = ESMF_StateCreate(statename, rc=rc)

15.3.8 Invoking Components on a subset of the Parent PETs

Here we register the subroutines which should be callechftialization. Then we call ESMF_GridCompilnitialize()
on all PETs, but the code runs only on the PETs given in theigtetthen the Component was created.

Because this example is so short, we call the entry point dodetly instead of the normal procedure of nesting it in
a separate SetServices() subroutine.

! This is where the VM for each component is initialized.

! Normally you would call SetEntryPoint inside set services ,

! but to make this example very short, they are called inline b elow.

I This is o.k. because the SetServices routine must execute f rom within
I the parent component VM.

call ESMF_GridCompSetServices(compl, comp_dummy, rc)

call ESMF_GridCompSetServices(comp2, comp_dummy, rc)

print *, "ready to set entry point 1"
call ESMF_GridCompSetEntryPoint(compl, ESMF_SETINIT, &
compl_init, ESMF_SINGLEPHASE, rc)

print *, "ready to set entry point 2"
call ESMF_GridCompSetEntryPoint(comp2, ESMF_SETINIT, &
comp2_init, ESMF_SINGLEPHASE, rc)

print *, "ready to call init for comp 1"
call ESMF_GridComplnitialize(compl, statel, rc=rc)
print *, "ready to call init for comp 2"
call ESMF_GridComplnitialize(comp2, statel, rc=rc)

15.3.9 Using State Reconcile

Now we havestatel containingfieldl onPETsO0and 1, argtatel containingfield2 onPETs 2 and 3. For
the code to have a rational view of the data, we ESIMF_StateReconcile  which determines which objects are
missing from any PET, and communicates information abaubtiject. After the call to reconcile, @iISMF_State
objects now have a consistent view of the data.

print *, "State before calling StateReconcile()"
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call ESMF_StatePrint(statel, rc=rc)
call ESMF_StateReconcile(statel, vm, rc=rc)

print *, "State after calling StateReconcile()"
call ESMF_StatePrint(statel, rc=rc)

end program ESMF_StateReconcileEx

15.4 Restrictions and Future Work

1. Flags not fully implemented. The ags for indicating various qualities associated witdtalitems 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 forgettic getting these ags have not been implemented.
(Theneeded ag is fully supported.)

2. No synchronization at object create time.Object IDs are using during the reconcile process to idgiotif-
jects which are unknown to some subset of the PETs in themtlyneinning 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 wdtentially 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.

15.5 Design and Implementation Notes

1. States contain the name of the associated Component, Brdgmport or Export, and a list of data objects,
which can be a combination of Bundles, Fields, and/or Array® objects must be named and have the proper
attributes so they can be identi ed by the receiver of thedgbr example, units and other detailed information
may need to be associated with the data as an Attribute.

2. Data contained in States must be created in unison on d&tlofthe current VM. This allows the creation
process to avoid doing communications since each PET capuenany information it needs to know about
any remote PET (for example, the grid distribute method canpute the decomposition of the grid on not only
the local PET but also the remote PETSs since it knows each PE®king the identical call). For all PETs to
have a consistent view of the data this means objects mustvée gnique names when created, or all objects
must be created in the same order on all PETs so ESMF can ¢enersistent default names for the objects.

When running components on subsets of the original VM allRES's can create consistent objects but then
when they are put into a State and passed to a component witfegedt VM and a different set of PETS, a
communication call (reconcile) must be made to communittegenissing information to the PETs which were
not involved in the original object creation. The recona#dl broadcasts object lists; those PETs which are
missing any objects in the total list can receive enouglhrindgion to reconstruct a proxy object which contains
all necessary information about that object, with no locab¢gon that PET. These proxy objects can be queried
by ESMF routines to determine the amount of data and what REft®in data which is destined to be moved
to the local PET (for receiving data) and conversely, carmeine which other PETs are going to receive data
and how much (for sending data).

For example, the FieldExcl system test creates 2 GriddedpBoents on separate subsets of PETs. They use
the option of mapping particular, non-monotonic PETs to DH® following gures illustrate how the DEs are
mapped in each of the Gridded Components in that test:
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DE 2 DE 3

PET 4 PET O
DE O DE 1
PET 6 PET 2

Source Grid Decomposition

Figure 7: The mapping of PETs (processors) to DEs (data)isdirce grid created lmser_modell.F90  in the
FieldExcl system test.

DE O DE 1 DE 2
PET 5 PET 1 PET 3

Destination Grid Decomposition

Figure 8: The mapping of PETs (processors) to DEs (dataginléstination grid created lmger_model2.F90 in
the FieldExcl system test.

In the coupler code, all PETs must make the reconcile catireediccessing data in the State. On PETs which
already contain data, the objects are unchanged. On PET$ wigre not involved during the creation of the
Bundles or Fields, the reconcile call adds an object to taeeSthich contains all the same metadata associated
with the object, but creates a slightly different Grid ohjexalled a Proxy Grid. These PETs contain no local
data, so the Array object is empty, and the DELayout for thid rlike this:
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DE 4 DE 5 DE 6 X
PET 4 PET O PET 5 PET 7
DE 0O DE 1 DE 2 DE 3
PET 6 PET 2 PET 1 PET 3

Proxy DELayout created by Framework for
Source Grid Decomposition in Coupler

Figure 9: The mapping of PETs (processors) to DEs (data) & stburce grid after the reconcile call in
user_coupler.F90 in the FieldExcl system test.

DE O DE 1 DE 2 DE 3 | DE 4 | DE 5 DE 6
PET 5 PET 1 PET 3 PET O |PET 2 |PET 4 | PET 6

Proxy DELayout created by Framework for
Destination Grid Decomposition in Coupler

Figure 10: The mapping of PETs (processors) to DEs (datahendestination grid after the reconcile call in
user_coupler.F90 in the FieldExcl system test.
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15.6 Object Model

The following is a simpli ed UML diagram showing the structuof the State class. States can contain Bundles,
Fields, Arrays, or nested States. See AppendiAArief Introduction to UML.for a translation table that lists the
symbols in the diagram and their meaning.

—<> State

0..n —
0..n
0..n 0..n 0..n
Bundle Field Array

15.7 Class API: Basic State Methods
15.7.1 ESMF_StateAddRouteHandle - Add an RouteHandle to at&te

INTERFACE:

! Private name; call using ESMF_StateAddRouteHandle()

subroutine ESMF_StateAddOneRouteHandle(state, routeha ndle, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
type(ESMF_RouteHandle), intent(in) :: routehandle
integer, intent(out), optional :: rc

DESCRIPTION:

Add a single RouteHandle reference to an existing State. nbinge ofroutehandle  must be unique within the
State.
The arguments are:

state An ESMF_State object.

routehandle TheESMF_RouteHandle to be added. This is a reference only; whenESMF_State is destroyed
the objects contained in it will not be destroyed. Also, BE®&MF_RouteHandle cannot be safely destroyed
before theESMF_State is destroyed. Since objects can be added to multiple carsiit remains the user's
responsibility to manage the destruction of objects whegy dre no longer in use.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.2 ESMF_StateAddRouteHandle - Add a list of RouteHandis to a State
INTERFACE:
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! Private name; call using ESMF_StateAddRouteHandle()
subroutine ESMF_StateAddRouteHandleList(state, routeh andleCount, &
routehandlelList, rc)

ARGUMENTS:

type(ESMF_State), intent(inout) :: state
integer, intent(in) :: routehandleCount

type(ESMF_RouteHandle), dimension(:), intent(in) :: rou tehandleList
integer, intent(out), optional :: rc
DESCRIPTION:

Add multipleESMF_RouteHandle sto anESMF_State .
The arguments are:

state An ESMF_State object.
routehandleCount The number oESMF_RouteHandle sto be added.

routehandleList The list (Fortran array) dESMF_RouteHandle s to be added. This is a reference only; when the
ESMF_State is destroyed the objects contained in it will not be destdoydso, theESMF_RouteHandle s
cannot be safely destroyed before thEMF_State is destroyed. Since objects can be added to multiple
containers, it remains the user's responsibility to marthgedestruction of objects when they are no longer in
use.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.3 ESMF_StateAddArray - Add an Array to a State

INTERFACE:

! Private name; call using ESMF_StateAddArray()

subroutine ESMF_StateAddOneArray(state, array, proxyfl ag, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
type(ESMF_Array), intent(in) :: array
logical, optional :: proxyflag

integer, intent(out), optional :: rc

DESCRIPTION:

Add a singlearray reference to an existingtate . Thearray name must be unique within tistate
The arguments are:

state An ESMF_State object.

array TheESMF_Array to be added. Thisis a reference only; whenEHSMF_State is destroyed the objects con-
tained in it will not be destroyed. Also, tHESMF_Array cannot be safely destroyed before E®@MF_State
is destroyed. Since objects can be added to multiple cargiit remains the user's responsibility to manage
the destruction of objects when they are no longer in use.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.
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15.7.4 ESMF_StateAddArray - Add a list of Arrays to a State

INTERFACE:

! Private name; call using ESMF_StateAddArray()

subroutine ESMF_StateAddArrayList(state, arrayCount, a rrayList, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state

integer, intent(in) :: arrayCount

type(ESMF_Array), dimension(:), intent(in) :: arrayList
integer, intent(out), optional :: rc

DESCRIPTION:

Add multipleESMF_Array s to anESMF_State .

The arguments are:

state An ESMF_State object.

arrayCount The number oESMF_Array s to be added.

arrayList The list (Fortran array) dESMF_Array s to be added. This is a reference only; wherBBMF_State is
destroyed the objects contained in it will not be destroyddo, theESMF_Array s cannot be safely destroyed
before theESMF_State is destroyed. Since objects can be added to multiple cargiit remains the user's
responsibility to manage the destruction of objects whew #re no longer in use.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.5 ESMF_StateAddBundle - Add a Bundle to a State

INTERFACE:

! Private name; call using ESMF_StateAddBundle()

subroutine ESMF_StateAddOneBundle(state, bundle, proxy flag, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
type(ESMF_Bundle), intent(in) :: bundle
logical, optional :: proxyflag

integer, intent(out), optional :: rc

DESCRIPTION:

Add a singlebundle reference to an existirgtate . Thebundle name must be unique within tisgate
The arguments are:

state TheESMF_State object.

bundle The ESMF_Bundle to be added. This is a reference only; when B&MF_State is destroyed the ob-
jects contained in it will not be destroyed. Also, tB&MF_Bundle cannot be safely destroyed before the
ESMF_State is destroyed. Since objects can be added to multiple cargiit remains the user's responsi-
bility to manage the destruction of objects when they areongér in use.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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15.7.6 ESMF_StateAddBundle - Add a list of Bundles to a State

INTERFACE:

! Private name; call using ESMF_StateAddBundle()

subroutine ESMF_StateAddBundleList(state, bundleCount , bundleList, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
integer, intent(in) :: bundleCount

type(ESMF_Bundle), dimension(:), intent(inout) :: bundl elist
integer, intent(out), optional :: rc
DESCRIPTION:

Add multipleESMF_Bundle s to anESMF_State .
The arguments are:

state An ESMF_State object.
bundleCount The number oESMF_Bundle s to be added.

bundleList The list (Fortran array) dESMF_Bundle s to be added. This is areference only; wherBBMF_State
is destroyed the objects contained in it will not be destdoydlso, theESMF_Bundle s cannot be safely
destroyed before thESMF_State is destroyed. Since objects can be added to multiple carsiit remains
the user's responsibility to manage the destruction ofatbj@hen they are no longer in use.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.7 ESMF_StateAddField - Add a Field to a State

INTERFACE:

! Private name; call using ESMF_StateAddField()

subroutine ESMF_StateAddOneField(state, field, proxyfl ag, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
type(ESMF_Field), intent(in) :: field
logical, optional :: proxyflag

integer, intent(out), optional :: rc

DESCRIPTION:

Add a singlefield  reference to an existingtate . Thefield name must be unique within tistate
The arguments are:

state An ESMF_State object.

eld TheESMF_Field to be added. This is a reference only; whenES8MF_State is destroyed the objects con-
tained in it will not be destroyed. Also, tiESMF_Field cannot be safely destroyed before E@MF_State
is destroyed. Since objects can be added to multiple cargiit remains the user's responsibility to manage
the destruction of objects when they are no longer in use.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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15.7.8 ESMF_StateAddField - Add a list of Fields to a State

INTERFACE:

! Private name; call using ESMF_StateAddField()

subroutine ESMF_StateAddFieldList(state, fieldCount, f ieldList, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
integer, intent(in) :: fieldCount

type(ESMF_Field), dimension(:), intent(inout) :: fieldL ist
integer, intent(out), optional :: rc
DESCRIPTION:

Add multipleESMF_Field sto anESMF_State .
The arguments are:

state An ESMF_State object.
eldCount The number oESMF_Field sto be added.

eldList The list (Fortran array) dESMF_Field sto be added. This is a reference only; whenESMF_State is
destroyed the objects contained in it will not be destroydso, theESMF_Field s cannot be safely destroyed
before theESMF_State is destroyed. Since objects can be added to multiple carsiit remains the user's
responsibility to manage the destruction of objects whew #re no longer in use.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.9 ESMF_StateAddNameOnly - Add a name to a State as a plklwolder

INTERFACE:

! Private name; call using ESMF_StateAddNameOnly()
subroutine ESMF_StateAddOneName(state, name, rc)

ARGUMENTS:

type(ESMF_State), intent(inout) :: state
character (len=*), intent(in) :: name
integer, intent(out), optional :: rc

DESCRIPTION:

Add the character stringame to an existingstate . It can subsequently be replaced by an actual object with the
same name. Theame must be unique within thstate . Itis available to be marked needed by the consumer of the
exportESMF_State . Then the data provider can replace the name with the ag®iIF_Bundle , ESMF_Field ,

or ESMF_Array which carries the needed data.

The arguments are:

state An ESMF_State object.
name The name to be added as a placeholder for a data object.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.
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15.7.10 ESMF_StateAddNameOnly - Add a list of names to a Stat

INTERFACE:

! Private name; call using ESMF_StateAddNameOnly()

subroutine ESMF_StateAddNamelList(state, nameCount, ham elist, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
integer, intent(in) :: nameCount
character (len=*), intent(in) :: nameList(:)
integer, intent(out), optional :: rc

DESCRIPTION:

Add a list of names to an existingtate . They can subsequently be replaced by actual objects wittsdme
name. Each name in theameList must be unique within thetate It is available to be marked needed by the
consumer of the expoESMF_State . Then the data provider can replace the name with the agisIF_Bundle,
ESMF_Field , orESMF_Array which carries the needed data. Unneeded data need not hatgehe

The arguments are:

state An ESMF_State object.
nameCount The count of names in theamelList .
namelList A list (Fortran array) of character strings to be added asqtialders for data objects.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.11 ESMF_StateAddState - Add a State to a State

INTERFACE:

! Private name; call using ESMF_StateAddState()

subroutine ESMF_StateAddOneState(state, nestedState, p roxyflag, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
type(ESMF_State), intent(in) :: nestedState
logical, optional :: proxyflag

integer, intent(out), optional :: rc

DESCRIPTION:

Add anestedState reference to an existingtate . ThenestedState = name must be unique within the con-
tainerstate
The arguments are:

state An ESMF_State object. This is the container object.

nestedStateTheESMF_State to be added. Thisis the nested object. Thisis a referengewhen theESMF_State
is destroyed the objects contained in it will not be destdoydso, nestedESMF_State s cannot be safely de-
stroyed before the containBSMF_State is destroyed. Since objects can be added to multiple cersiit
remains the user's responsibility to manage the destmicti@bjects when they are no longer in use.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.
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15.7.12 ESMF_StateAddState - Add a list of States to a State

INTERFACE:

! Private name; call using ESMF_StateAddState()

subroutine ESMF_StateAddStateList(state, nestedStateC ount, nestedStateList, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state

integer, intent(in) :: nestedStateCount

type(ESMF_State), dimension(:), intent(in) :: nestedSta teList
integer, intent(out), optional :: rc

DESCRIPTION:
Add multiple nestedESMF_State s to a containeESMF_State . The nestedSMF_State names must be unique

within the containeESMF_State .
The arguments are:

state An ESMF_State object. This is the container object.
nestedStateCountThe number oESMF_State s to be added.

nestedStateList The list (Fortran array) cESMF_State s to be added. This is a reference only; when the container
state is destroyed the objects contained in it will not be destdoydso, thenestedStateList cannot be
safely destroyed before the contaistate is destroyed. Since objects can be added to multiple carsiit
remains the user's responsibility to manage the destmicti@bjects when they are no longer in use.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.13 ESMF_StateCreate - Create a new State

INTERFACE:

function ESMF_StateCreate(stateName, statetype, &
bundleList, fieldList, arrayList, nestedStateList, &
nameList, itemCount, &
neededflag, readyflag, validflag, reqgforrestartflag, rc )

RETURN VALUE:
type(ESMF_State) :: ESMF_StateCreate
ARGUMENTS:

character(len=*), intent(in), optional :: stateName
type(ESMF_StateType), intent(in), optional :: statetype

type(ESMF_Bundle), dimension(:), intent(inout), option al :: bundleList
type(ESMF_Field), dimension(:), intent(inout), optiona | :: fieldList
type(ESMF_Array), dimension(:), intent(in), optional :: arrayList
type(ESMF_State), dimension(:), intent(in), optional :: nestedStateList
character(len=*), dimension(:), intent(in), optional :: nameList

integer, intent(in), optional :: itemCount

type(ESMF_NeededFlag), optional :: neededflag

type(ESMF_ReadyFlag), optional :: readyflag

type(ESMF_ValidFlag), optional :: validflag
type(ESMF_ReqgForRestartFlag), optional :: reqforrestar tflag
integer, intent(out), optional :: rc
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DESCRIPTION:

Create a neMESMF_State , set default characteristics for objects added to it, anihoglly add initial objects to it.
The arguments are:

[stateName] Name of thisESMF_State object. A default name will be generated if none is speci ed.

[statetype] Import or ExportESMF_State . Valid values areeSMF_STATE_IMPORTESMF_STATE_EXPORT
or ESMF_STATE_UNSPECIFIEOThe default iEESMF_STATE_UNSPECIFIED

[bundleList] A list (Fortran array) oESMF_Bundles.

[ eldList] A list (Fortran array) oESMF_Field s.

[arrayList] A list (Fortran array) oESMF_Array s.

[nestedStateList] A list (Fortran array) oESMF_State s to be nested inside the ouEe8MF_State .
[nameList] A list (Fortran array) of character string name placehalder

[itemCount] The total number of things — Bundles, Fields, Arrays, Stated Names — to be added itémCount
is not speci ed, it will be computed internally based on thegth of each object list. femCount is speci ed
this routine will do an error check to verify the total numinéitems found in the argument lists matches this
count of the expected number of items.

[needed ag] Set the default value for new items added toEE®MF_State . Possible values are listed in Sec-
tion 9.1.9. If not speci ed, the default value is seti&MF_NEEDED

[ready ag] Set the default value for new items added to EBMF_State . Possible values are listed in Sec-
tion 9.1.10. If not speci ed, the default value is seB8MF_READYTOREAD

[valid ag] Set the default value for new items added t&&8MF_State . Possible values are listed in Section 9.1.14.
If not speci ed, the default value is set ESMF_VALID

[regforrestart ag] Set the default value for new items added toE®MF_State . Possible values are listed in
Section 9.1.12. If not speci ed, the default value is sesE®MF_REQUIRED_FOR_RESTART

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.14 ESMF_StateDestroy - Release resources for a State

INTERFACE:
subroutine ESMF_StateDestroy(state, rc)
ARGUMENTS:

type(ESMF_State) :: state
integer, intent(out), optional :: rc

DESCRIPTION:
Releases all resources associated with B88/F State . Actual objects added tBSMF_State s will not be de-
stroyed, it remains the user's responsibility to destrasthobjects in the correct context. However, proxy objects

automatically created durifgSMF_StateReconcile() are destroyed when the State is destroyed.
The arguments are:

state Destroy contents of thiESMF_State .
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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15.7.15 ESMF_StateGet - Get information about a State

INTERFACE:
subroutine ESMF_StateGet(state, name, statetype, itemCo unt, &
itemNamelList, stateitemtypelList, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state
character (len=*), intent(out), optional :: name

type(ESMF_StateType), intent(out), optional :: statetyp e

integer, intent(out), optional :: itemCount

character (len=*), intent(out), optional :: itemNameList @)
type(ESMF_StateltemType), intent(out), optional :: stat eitemtypelList(:)

integer, intent(out), optional :: rc

DESCRIPTION:

Returns the requested information about tB&MF_State .
The arguments are:

state An ESMF_State object to be queried.

[name] Name of thisEESMF_State .

[statetype] Import or ExportESMF_State . Possible values are listed in Section 15.2.2.
[itemCount] Count of items irstate |, including all objects as well as placeholder names.

[itemNameList] Array of item names irstate , including placeholder name#temNameList must be at least
itemCount long.

[stateitemtypeList] Array of possible item object types state , including placeholder names. Must be at least
itemCount long. Options are listed in Section 15.2.1.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.16 ESMF_StateGetRouteHandle - Retrieve an RouteHatalfrom a State

INTERFACE:
subroutine ESMF_StateGetRouteHandle(state, routehandl eName, routehandle, &
nestedStateName, rc)
ARGUMENTS:
type(ESMF_State), intent(in) .. state
character (len=*), intent(in) . routehandleName
type(ESMF_RouteHandle), intent(out) :: routehandle
character (len=*), intent(in), optional :: nestedStateNa me
integer, intent(out), optional :: rc
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DESCRIPTION:

Returns altSMF_RouteHandle from anESMF_State by name. IftheeSMF_State contains the object directly,
only routehandleName is required. If thestate contains multiple nestetESMF_State s and the object is
one level down, this routine can return the object in a sirgglik by speci ng the propenestedStateName
ESMF_State s can be nested to any depth, but this routine only searchesriediate descendents. It is an error to
specify anestedStateName  if the state contains no nestedSMF_ State s.

The arguments are:

state State to query for aBSMF_RouteHandle namedoutehandleName
routehandleName Name ofESMF_RouteHandle to be returned.
routehandle Returned reference to tiESMF_RouteHandle .

[nestedStateName]Optional. An error if speci ed when thetate argument contains no neste$&MF_State s.
Required if thestate  contains multiple nestetHSMF_State s and the object being requested is in one level
down in one of the nestedSMF_State . ESMF_State must be selected by thieestedStateName

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.17 ESMF_StateGetArray - Retrieve an Array from a State

INTERFACE:

subroutine ESMF_StateGetArray(state, arrayName, array, nestedStateName, rc)
ARGUMENTS:

type(ESMF_State), intent(in) . state

character (len=*), intent(in) . arrayName

type(ESMF_Array), intent(out) I array

character (len=*), intent(in), optional :: nestedStateNa me

integer, intent(out), optional :: rc
DESCRIPTION:

Returns arESMF_Array from anESMF_State by name. If theESMF_State contains the object directly, only
arrayName is required. If thestate contains multiple nestetHSMF_State s and the object is one level down,
this routine can return the object in a single call by spegithe propemestedStateName . ESMF_State s
can be nested to any depth, but this routine only searchewnmediate descendents. It is an error to specify a
nestedStateName if the state contains no nestetdSMF_State s.

The arguments are:

state State to query for aBSMF_Array namedarrayName .
arrayName Name ofESMF_Array to be returned.
array Returned reference to tiESMF_Array .

[nestedStateName]Optional. An error if speci ed when thetate argument contains no nest&$&MF_State s.
Required if thestate  contains multiple nestetBHSMF_State s and the object being requested is in one level
down in one of the nesteddSMF_State . ESMF_State must be selected by thiestedStateName

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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15.7.18 ESMF_StateGetAttribute - Retrieve an attribute

INTERFACE:
subroutine ESMF_StateGetAttribute(state, name, <value a rgument>, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character (len = *), intent(in) :: name

<value argument>, see below for supported values
integer, intent(out), optional :: rc

DESCRIPTION:

Returns an attribute from ttetate . Supported values for <value argument> are:
integer(ESMF_KIND_14), intent(out) :: value
integer(ESMF_KIND_14), dimension(:), intent(out) :: ualList
integer(ESMF_KIND_18), intent(out) :: value
integer(ESMF_KIND_18), dimension(:), intent(out) :: uelList
real (ESMF_KIND_R4), intent(out) :: value
real (ESMF_KIND_R4), dimension(:), intent(out) :: valustL
real (ESMF_KIND_RS8), intent(out) :: value
real (ESMF_KIND_RS8), dimension(:), intent(out) :: valustL
type(ESMF_Logical), intent(out) :: value
type(ESMF_Logical), dimension(:), intent(out) :: valusi
character (len = *), intent(out), value

The arguments are:

state An ESMF_State object.

name The name of the attribute to retrieve.

<value argument> The value of the named attribute.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.19 ESMF_StateGetAttributeCount - Query the number ofattributes

INTERFACE:
subroutine ESMF_StateGetAttributeCount(state, count, r c)
ARGUMENTS:

type(ESMF_State), intent(in) :: state
integer, intent(out) :: count
integer, intent(out), optional :: rc
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DESCRIPTION:

Returns the number of attributes associated with the gitetle in the argumentount .
The arguments are:

state An ESMF_State object.
count The number of attributes associated with this object.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.20 ESMF_StateGetAttributelnfo - Query State attribues by name

INTERFACE:

! Private name; call using ESMF_StateGetAttributelnfo()

subroutine ESMF_StateGetAttrinfoByName(state, name, ty pekind, count, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character(len=*), intent(in) :: name
type(ESMF_TypeKind), intent(out), optional :: typekind
integer, intent(out), optional :: count

integer, intent(out), optional :: rc

DESCRIPTION:

Returns information associated with the named attribatdudingtypekind — and itemcount .
The arguments are:

state An ESMF_State object.

name The name of the attribute to query.

[typekind] The typekind of the attribute.

[count] The number of items in this attribute. For character tyges)éngth of the character string.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.21 ESMF_StateGetAttributelnfo - Query State attribues by index number

INTERFACE:

! Private name; call using ESMF_StateGetAttributelnfo()
subroutine ESMF_StateGetAttrinfoByNum(state, attribut elndex, name, &
typekind, count, rc)

ARGUMENTS:
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type(ESMF_State), intent(in) :: state

integer, intent(in) :: attributelndex

character(len=*), intent(out), optional :: name
type(ESMF_TypeKind), intent(out), optional :: typekind
integer, intent(out), optional :: count

integer, intent(out), optional :: rc

DESCRIPTION:

Returns information associated with the indexed attrigatdudingtypekind  and itemcount .
The arguments are:

state An ESMF_State object.

attributelndex The index number of the attribute to query.

name Returns the name of the attribute.

[typekind] The typekind of the attribute.

[count] Returns the number of items in this attribute. For charagfees, this is the length of the character string.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.22 ESMF_StateGetBundle - Retrieve a Bundle from a Stat

INTERFACE:
subroutine ESMF_StateGetBundle(state, bundleName, bund le, &
nestedStateName, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character (len=*), intent(in) :: bundleName

type(ESMF_Bundle), intent(out) :: bundle

character (len=*), intent(in), optional :: nestedStateNa me
integer, intent(out), optional :: rc

DESCRIPTION:

Returns areSMF_Bundle from anESMF_State by name. If theESMF_State contains the object directly, only
bundleName is required. If thestate contains multiple nestedSMF_State s and the object is one level down,
this routine can return the object in a single call by spegithe propemestedStateName . ESMF_State s
can be nested to any depth, but this routine only searchewnmediate descendents. It is an error to specify a
nestedStateName if the state contains no neste@SMF_State s.

The arguments are:

state State to query for &SMF_Bundle namedbundlename .
bundleName Name ofESMF_Bundle to be returned.
bundle Returned reference to tiESMF_Bundle.

[nestedStateName]Optional. An error if speci ed when thetate argument contains no neste$&MF_State s.
Required if thestate  contains multiple nestetHSMF_State s and the object being requested is in one level
down in one of the nestedSMF_State . ESMF_State must be selected by thieestedStateName

[rc] Return code; equaESMF_SUCCESIibthere are no errors.
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15.7.23 ESMF_StateGetField - Retrieve a Field from a State

INTERFACE:
subroutine ESMF_StateGetField(state, fieldName, field, &
nestedStateName, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character (len=*), intent(in) :: fieldName

type(ESMF_Field), intent(out) :: field

character (len=*), intent(in), optional :: nestedStateNa me
integer, intent(out), optional :: rc

DESCRIPTION:

Returns arESMF_Field from anESMF_State by name. If theESMF_State contains the object directly, only
fieldname s required. If thestate contains multiple nestetESMF_State s and the object is one level down,
this routine can return the object in a single call by spegithe propemestedStateName . ESMF_State s
can be nested to any depth, but this routine only searchewnmediate descendents. It is an error to specify a
nestedStateName if the state contains no nestetdSMF_State s.

The arguments are:

state State to query for aBSMF_Field namedieldName
eldName Name ofESMF_Field to be returned.
eld Returned reference to tieSMF_Field .

[nestedStateName]Optional. An error if speci ed when thetate argument contains no neste$SMF_State s.
Required if thestate contains multiple nestetBSMF_State s and the object being requested is in one level
down in one of the nestedSMF_State . ESMF_State must be selected by thieestedStateName

[rc] Return code; equalESMF_SUCCESIibthere are no errors.

15.7.24 ESMF_StateGetltemInfo - Get information about a Site

INTERFACE:
subroutine ESMF_StateGetltemInfo(state, name, stateite mtype, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character (len=*), intent(in) :: name
type(ESMF_StateltemType), intent(out) :: stateitemtype
integer, intent(out), optional :: rc

DESCRIPTION:

Returns the type for the item namedme in this ESMF_State . If no item with this name exists, the value
ESMF_STATEITEM_NOTFOUNBII be returned and the error code will not be set to an eriidrus this routine
can be used to safely query for the existance of items by name¢hsr or not they are expected to be there. The error
code will be set in case of other errors, for example ifB8MF_State itself is invalid.

The arguments are:
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state ESMF_State to be queried.
name Name of the item to return information about.

stateitemtype Returned item types for the item with the given name, ineigdilaceholder names. Options are listed
in Section 15.2.1. If no item with the given name is fouB&MF_STATEITEM_NOTFOUNWII be returned
andrc will not be set to an error.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.25 ESMF_StateGetNeeded - Query whether a data item ieeded

INTERFACE:
subroutine ESMF_StateGetNeeded(state, itemName, needed flag, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character (len=*), intent(in) :: itemName
type(ESMF_NeededFlag), intent(out) :: neededflag
integer, intent(out), optional :: rc

DESCRIPTION:

Returns the status of teededflag for the data item named biemName in theESMF_State .
The arguments are:

state TheESMF_State to query.
itemName Name of the data item to query.

needed ag Whether state item is needed or not for a particular apjdinaton guration. Possible values are listed
in Section 9.1.9.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.26 ESMF_StateGetState - Retrieve a State nested in aaft

INTERFACE:
subroutine ESMF_StateGetState(state, nestedStateName, nestedState, rc)
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character (len=*), intent(in) :: nestedStateName
type(ESMF_State), intent(out) :: nestedState
integer, intent(out), optional :: rc

DESCRIPTION:
Returns a nestetEHSMF_State from anothelESMF_State by name. This does not allow the caller to retrieve an

ESMF_State from two levels down. It returns immediate child objectsyonl
The arguments are:
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state TheESMF_State to query for a nesteBESMF_State namedstateName .
nestedStateNameName of neste€ESMF_State to return.
nestedStateReturnedESMF_ State .

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.27 ESMF_StatelsNeeded — Return logical true if dataéim needed

INTERFACE:

function ESMF_StatelsNeeded(state, itemName, rc)
RETURN VALUE:

logical :: ESMF_StatelsNeeded
ARGUMENTS:

type(ESMF_State), intent(in) :: state
character (len=*), intent(in) :: itemName
integer, intent(out), optional :: rc

DESCRIPTION:

Returns true if the status of theeeded ag for the data item named bjtemName in the ESMF_State is
ESMF_STATEITEM_NEEDEReturns false for no item found with the speci ed name omitearked not needed.
Also sets error code lataname not found.

The arguments are:

state ESMF_State to query.
itemName Name of the data item to query.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.28 ESMF_StatePrint - Print the internal data for a Stae

INTERFACE:
subroutine ESMF_StatePrint(state, options, rc)
ARGUMENTS:

type(ESMF_State) :: state
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Prints information about thetate to stdout

The arguments are:

state TheESMF_State to print.

[options] Print options are not yet supported.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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15.7.29 ESMF_StateSetAttribute - Set an attribute

INTERFACE:
subroutine ESMF_StateSetAttribute(state, name, <value a
ARGUMENTS:

type(ESMF_State), intent(in) :: state

character (len = *), intent(in) :: name

<value argument>, see below for supported values
integer, intent(out), optional :: rc

DESCRIPTION:

rgument>, rc)

Attaches an attribute to ttetate . The attribute hasmame and either ¥alue oravaluelList . Supported values

for the <value argument> are:
integer(ESMF_KIND _14), intent(in) :: value
integer(ESMF_KIND_14), dimension(:), intent(in) :: vallist
integer(ESMF_KIND_18), intent(in) :: value
integer(ESMF_KIND_8), dimension(:), intent(in) :: vallist
real (ESMF_KIND_R4), intent(in) :: value
real (ESMF_KIND_R4), dimension(:), intent(in) :: valuest.i
real (ESMF_KIND_RS8), intent(in) :: value
real (ESMF_KIND_R8), dimension(:), intent(in) :: valuest.i
type(ESMF_Logical), intent(in) :: value
type(ESMF_Logical), dimension(:), intent(in) :: valust.i
character (len = *), intent(in), value

The arguments are:

state An ESMF_State object.

name The name of the attribute to set.

<value argument> The value of the attribute to set.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.7.30 ESMF_StateSetNeeded - Set if a data item is needed

INTERFACE:
subroutine ESMF_StateSetNeeded(state, itemName, needed

ARGUMENTS:
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type(ESMF_State), intent(inout) :: state
character (len=*), intent(in) :: itemName
type(ESMF_NeededFlag), intent(in) :: neededflag
integer, intent(out), optional :: rc

DESCRIPTION:

Sets the status of theeeded ag for the data item named byemName in theESMF_State .

The arguments are:

state TheESMF_State to set.

itemName Name of the data item to set.

needed ag Set status of data item to this. See Section 9.1.9 for pasg#tles.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

15.7.31 ESMF_StateValidate - Check validity of a State

INTERFACE:
subroutine ESMF_StateValidate(state, options, rc)
ARGUMENTS:

type(ESMF_State) :: state
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Validates that thetate is internally consistent. Currently this method deterraiii¢he state
already destroyed. The method returns an error code if pnabhre found.
The arguments are:

state TheESMF_State to validate.
[options] Validation options are not yet supported.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

15.8 Class API: State Communications
15.8.1 ESMF_StateReconcile — Reconcile State data acroisRPETs in a VM

INTERFACE:
subroutine ESMF_StateReconcile(state, vm, options, rc)
ARGUMENTS:

type(ESMF_State), intent(inout) :: state
type(ESMF_VM), intent(in) :: vm

character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc
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DESCRIPTION:

Must be called for an{ESMF_State which contains ESMF objects that have not been created ¢med¥E TS of the
currently runningeSMF_Component. For example, if a coupler is operating on data which wasteteby another
component that ran on only a subset of the couplRESs, the coupler must make this call rst before operating on
any data inside tha&8SMF_State . After calling ESMF_StateReconcile  all PETs will have a common view of
all objects contained in thESMF_State .

The arguments are:

state ESMF_State to reconcile.
vm ESMF_VMor this ESMF_Component
[options] Currently unused. Here for possible future expansion irofit@ns for the reconciliation process.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.
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Part Il
Infrastructure: Fields and Grids
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16 Overview of Infrastructure Data Handling

The ESMF infrastructure data classes are part of the framesmMoierarchy 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 conlalie class represents a bundle of physical elds 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 o&Es, orDecomposition Elements A DE represents a piece of a decomposition. A
DELayout is a collection of DEs with some associated corvigcthat describes a speci ¢ 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 concept#as a data decomposition to be de ned in terms of
threads, MPI processes, virtual decomposition elementgmbinations of these without changes to user code. This
is a primary strategy for ensuring optimal performance aortibility for codes using the ESMF for communications.
ESMF data classes are useful because they provide a stamtaranient way for developers to collect together
information related to model or observational data. Therimfation assembled in a data class includes a data pointer,
a set of attributes (e.g. units, although attributes camladsuser-de ned), and a description of an associated ghd. 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 simpli cation of interfaces within use
code, for debugging, and for other functions. This uni esl @nganizes codes overall so that the user need not de ne
different representations of metadata for the same eld/fdrand 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 exibility, it is not necessary to build an ESMF data otfj@ll at once. For example, it's possible to create a eld
but to defer allocation of the associated eld data untiltaddime.

Key Features
Hierarchy of data structures designed speci cally for tlaetk system domain and high performance, parallel
computing.

Multi-use ESMF structures simplify user code overall.

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

16.1 Infrastructure Data Classes

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

Array An ESMF Array contains a data pointer, information abouagisociated datatype, precision, and dimen-
sion.

Data elements in Arrays are partitioned into categoriesdd by 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 dependencidseaatis ed quickly when performing a calculation.
ESMF Arrays contain aexclusivedomain, which contains data elements updated exclusivelyda nitively

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

Field A Field holds model and/or observational data together itstinderlying grid or set of spatial locations.
It provides methods for con guration, initialization, §eg and retrieving data values, data I/O, data regridding,
and manipulation of attributes.
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Bundle Groups of Fields on the same underlying physical grid candiecated into a single object called a
Bundle. A Bundle provides two major functions: it allows gps of Fields to be manipulated using a single
identi er, for example during export or import of data beevreComponents; and it allows data from multiple
Fields to be packed together in memory for higher localityedérence and ease in subsetting operations. Pack-
ing a set of Fields into a single Bundle before performingta dammunication allows the set to be transferred
at once rather than as a Field at a time. This can improve ppeaioce on high-latency platforms.

Bundle objects contain methods for setting and retrievomgstituent elds, regridding, data I/O, and reordering
of data in memory.

16.2 Object Model

The following is a simpli ed UML diagram showing the relatiships among ESMF Field, Grid and Bundle classes.
See Appendix AA Brief Introduction to UML, for a translation table that lists the symbols in the diageand their
meaning.

1
Bundle DataMap
1 zZ
0..n 1
1
0.1
0..1 1 1
DistGrid PhysGrid Array LocalArray

16.3 Design and Implementation Notes

1. In communication methods such as Regrid, Redist, Scatter the Bundle and Field code cascades down
through the Array code, so that the actual computations exanly one place in the source.
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17 Bundle Class
17.1 Description

The Bundle class represents “bundles” of Fields that areretigzed on the same Grid and distributed in the same
manner. Fields within a Bundle may be located at differenétimns relative to the vertices of their common Grid.
The Fields in a Bundle may be of different dimensions, as lasighe Grid dimensions that are distributed are the
same. For example, a surface Field on a distributed lat/loth &d a 3D Field with an added vertical dimension on
the same distributed lat/lon Grid can be included in the sBorelle.

Bundles currently function mainly as convenient contasrfer storing Fields. Bundles can be created and destroyed,
can have attributes added or retrieved, and can have Figttedleor retrieved. Methods include a variety of queries
that return information about the attributes and the Fighds a Bundle contains. The Fortran data pointer of a Field
within a Bundle can be obtained by passing the Bundle a Fihden

Memory layout information is stored in a BundleDataMap abjghich is attached to the Bundle. It can be accessed
by querying the Bundle. Although we have made the Bundleldampublic, many of the memory layout options
have not been implemented.

Bundles are one of the data objects that can be added to ,Stdiiet are used for sending to or receiving data from
other components.

In the future Bundles will serve as a mechanism for perforreamptimization. ESMF will take advantage of the
similarities of the Fields within a Bundle in order to implent collective communication, 10, and regridding. See
Section 17.4 for a description of features that are beingrzd.

17.2 Bundle Options
17.2.1 ESMF_PackFlag

DESCRIPTION:

Speci es whether a Bundle is packed or not. A packed Bundteains an array in which all the data in its constituent
Fields is packed contiguously. Bundles that are not packeedat guaranteed to carry a contiguous array of their data.
This ag is not yet implemented; the value is always seE®MF_NO_PACKED_DATA

Valid values are:

ESMF_PACKED_DATA Contains a packed array.
ESMF_NO_PACKED_DATA Does not contain a packed array.

17.3 Use and Examples

Examples of creating, destroying and accessing Bundlethanttonstituent Fields are provided in this section, glon
with some notes on Bundle methods.

17.3.1 Bundle Creation

After creating multiple Fields, a Bundle can be created tsspey a list of the Fields into the methE&MF_BundleCreate()
The Bundle will contain references to the Fields. An empty@e can also be created and Fields added singularly or
in groups.

The feature which requests a packed Array be created frowoidined Field data arrays is not implemented in this
version of the framework.

17.3.2 Accessing Bundle Data

To access data in a Bundle the user can provide a Field nanmretaiegte the Field's Fortran data pointer. Alternatively,
the user can retrieve the data in the form of an ESMF Field aedhe Field-level interfaces.
The packed Array feature of Bundles is not implemented is ¥ersion of the Framework.
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17.3.3 Bundle Deletion

The user must caESMF_BundleDestroy()  before deleting any of the Fields it contains. Because Eieth be

shared by multiple Bundles and States, they are not delgtédscall.

See the following code fragments for examples of how to eraatv Bundles.

I Example program showing various ways to create a Bundle obj ect.

program ESMF_BundleCreateEx

I ESMF Framework module
use ESMF_Mod

implicit none

! Local variables

integer :: i, rc, fieldcount
type(ESMF_Grid) :: grid
type(ESMF_ArraySpec) :: arrayspec
Itype(ESMF_FieldDataMap) :: datamap
type(ESMF_DELayout) :: delayout
type(ESMF_VM) :: vm

character (len = ESMF_MAXSTR) :: bnamel, fnamel, fname2

type(ESMF_Field) :: field(10), returnedfieldl, returned

type(ESMF_Bundle) :: bundlel, bundle2, bundle3
Ireal (selected_real_kind(6,45)), dimension(:,:), poin

integer :: counts(2)

real(ESMF_KIND_RS8) :: min_coord(2), max_coord(2)

! I  Create several Fields and add them to a new Bundle.

! counts = (/ 100, 200 /)
! min_coord = (/ 0.0, 0.0 /)
! max_coord = (/ 50.0, 60.0 /)
delayout = ESMF_DELayoutCreate(vm, rc=rc)
grid = ESMF_GridCreateShapeTile(minindex=(/1,1/), maxl

field2, simplefield

ter :: f90ptrl, f90ptr2

ndex=(/100,200/), &

regDecomp=(/2,2/), name="atmgrid", rc=rc)

call ESMF_ArraySpecSet(arrayspec, 2, ESMF_TYPEKIND_RS,

if (rc.NE.ESMF_SUCCESS) finalrc = ESMF_FAILURE

rc=rc)

staggerloc=ESMF_STAGGERLOC_CENTER, &

staggerloc=ESMF_STAGGERLOC_CENTER, &

field(1) = ESMF_FieldCreate(grid, arrayspec, &
name="pressure", rc=rc)
field(2) = ESMF_FieldCreate(grid, arrayspec, &
name="temperature", rc=rc)
field(3) = ESMF_FieldCreate(grid, arrayspec, &

109



staggerloc=ESMF_STAGGERLOC_CENTER, &
name="heat flux", rc=rc)

bundlel = ESMF_BundleCreate(3, field, name="atmosphere d ata", rc=rc)

print *, "Bundle example 1 returned"

I Create an empty Bundle and then add a single field to it.

simplefield = ESMF_FieldCreate(grid, arrayspec, &
staggerloc=ESMF_STAGGERLOC_CENTER, name="rh", rc=rc)

bundle2 = ESMF_BundleCreate(hame="time step 1", rc=rc)
call ESMF_BundleAddField(bundle2, simplefield, rc)

call ESMF_BundleGet(bundle2, fieldCount=fieldcount, rc =rc)

print *, "Bundle example 2 returned, fieldcount =", fieldco unt

I Create an empty Bundle and then add multiple fields to it.

bundle3 = ESMF_BundleCreate(hame="southern hemisphere" , rc=rc)
call ESMF_BundleAddField(bundle3, 3, field, rc)

call ESMF_BundleGet(bundle3, fieldCount=fieldcount, rc =rc)

print *, "Bundle example 3 returned, fieldcount =", fieldco unt

I Get a Field back from a Bundle, first by name and then by inde X.
I Also get the Bundle name.

call ESMF_BundleGetField(bundlel, "pressure”, returned field1, rc)
call ESMF_FieldGet(returnedfieldl, name=fnamel, rc=rc)

call ESMF_BundleGetField(bundlel, 2, returnedfield2, rc )

call ESMF_FieldGet(returnedfield2, name=fname2, rc=rc)
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call ESMF_BundleGet(bundlel, name=bnamel, rc=rc)

print *, "Bundle example 4 returned, field names = ", &
trim(fnramel), ", ", trim(fname2)
print *, "Bundle name = ", trim(bnamel)

call ESMF_BundleDestroy(bundlel, rc=rc)
call ESMF_BundleDestroy(bundle2, rc=rc)
call ESMF_BundleDestroy(bundle3, rc=rc)

do i=1, 3
call ESMF_FieldDestroy(field(i),rc=rc)

enddo

call ESMF_FieldDestroy(simplefield, rc=rc)

end program ESMF_BundleCreateEx

17.4 Restrictions and Future Work

1. No mathematical operators. The Bundle class does not support differential or other eratitical operators.
We do not anticipate providing this functionality in the néature.

2. Limited validation and print options. We are planning to increase the number of validity check#abla for
Bundles as soon as possible. We also will be working on pptibas.

3. Limited communication support. Only a subset of the communication routines are currentbpstted for
Bundles, and the Fields contained in the Bundles must cilyreave the same structure (e.g. same halo width,
same dimensionality). Support for more variable data wélldolded in a later release. For those routines not
implemented yet, or for those Bundles which contain Fieldbk differing data, the user can loop over the Fields
in the Bundle and call the Field level communication rouiirestead.

4. Packed data not supported. One of the options that we are currently working on for Busdk packing.
Packing means that the data from all the Fields that comginsé&undle are copied into a single Array and
manipulated collectively. This operation can be done withaestroying the original Field data. Packing is
being designed to facilitate optimized regridding, datmpowunication, and 1O operations. It will be possible to
collectively manipulate all the Fields within a Bundle atcenrather than operating on each Field separately.
This will reduce the latency overhead of the communication.

5. Interleaving Fields within a Bundle. Data locality is important for performance on some compypitatforms.
An interleave option will allow the user to create a packed@a in which Fields are either concatenated in
memory or in which Field elements are interleaved.

17.5 Design and Implementation Notes

1. Fields in a Bundle reference the same Gridln order to reduce memory requirements and ensure consjsten
the Fields within a Bundle all reference the same Grid object
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17.6 Class API: Basic Bundle Methods
17.6.1 ESMF_BundleAddField - Add a Field to a Bundle

INTERFACE:

! Private name; call using ESMF_BundleAddField()
subroutine ESMF_BundleAddOneField(bundle, field, rc)

ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
type(ESMF_Field), intent(inout) :: field
integer, intent(out), optional :: rc

DESCRIPTION:

Adds a singldfield to an existingbundle . Thefield must be associated with the saB8MF_Grid as the
otherESMF_Field s inthebundle . Thefield is referenced by thibundle , not copied.
The arguments are:

bundle TheESMF_Bundle to add theeSMF_Field to.
eld TheESMF_Field to add.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

17.6.2 ESMF_BundleAddField - Add a list of Fields to a Bundle

INTERFACE:

! Private name; call using ESMF_BundleAddField()

subroutine ESMF_BundleAddFieldList(bundle, fieldCount , fieldList, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
integer, intent(in) :: fieldCount

type(ESMF_Field), dimension(:), intent(inout) :: fieldL ist
integer, intent(out), optional :: rc
DESCRIPTION:

Adds afieldList to an existingeSMF_Bundle. The items added from tHeSMF_fieldList must be asso-
ciated with the sam&SMF_Grid as the otheESMF_Field s in thebundle . The items in thdieldList are
referenced by thbundle , not copied.

The arguments are:

bundle ESMF_Bundle to addESMF_Field s to.

eldCount Number ofESMF_Field sto be added to theSMF_Bundle ; must be equal to or less than the number
of items in thefieldList

eldList Array of existingESMF_Field s. The rstfieldCount  items will be added to thESMF_Bundle.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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17.6.3 ESMF_BundleCreate - Create a Bundle from existing elds

INTERFACE:

! Private name; call using ESMF_BundleCreate()
function ESMF_BundleCreateNew(fieldCount, fieldList, &
packflag, bundleinterleave, name, iospec, rc)

RETURN VALUE:
type(ESMF_Bundle) :: ESMF_BundleCreateNew
ARGUMENTS:

integer, intent(in) :: fieldCount

type(ESMF_Field), dimension (:) :: fieldList

type(ESMF_PackFlag), intent(in), optional :: packflag

type(ESMF_InterleaveFlag), intent(in), optional :: bund leinterleave
character (len = *), intent(in), optional :: name

type(ESMF_IOSpec), intent(in), optional :: iospec

integer, intent(out), optional :: rc

DESCRIPTION:

Creates aESMF_Bundle from a list of existingeSMF_Fields stored in dieldList . Allitems in thefieldList
must be associated with the saEB8MF_Grid . Returns a ne’eSMF_Bundle .
The arguments are:

eldCount Number of elds to be added to the néeSMF_Bundle . Must be equal to or less than the number of
ESMF_Field s in thefieldList

eldList Array of existingESMF_Field s. The rstESMF_FieldCount items will be added to the neeSMF_Bundle .

[pack ag] The packing option is not yet implemented. See Section 1at.4fdescription of packing, and Sec-
tion 17.2.1 for anticipated values. The currentimplemioecorresponds to the valEsSMF_NO_PACKED_DATA
which means that evelySMF_Field is referenced separately rather than being copied intagestontiguous
buffer. This is the case no matter what value, if any, is pagséor this argument.

[bundleinterleave] The interleave option is not yet implemented. See Sectiod fof a brief description of inter-
leaving, and Sectiof? for anticipated values. The ag is not applicable to the eatimplementation, since it
applies only to packed data (see theckflag argument).

[name] ESMF_Bundle name. A default name is generated if one is not speci ed.
[iospec] TheESMF_IOSpecis not yet used b¥SMF_Bundle s. Any values passed in will be ignored.
[rc] Return code; equaESMF_SUCCESIibthere are no errors.

17.6.4 ESMF_BundleCreate - Create a Bundle with no Fields

INTERFACE:

! Private name; call using ESMF_BundleCreate()

function ESMF_BundleCreateNoFields(grid, name, iospec, rc)
RETURN VALUE:
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type(ESMF_Bundle) :: ESMF_BundleCreateNoFields
ARGUMENTS:

type(ESMF_Grid), intent(in), optional :: grid
character (len = *), intent(in), optional :: name
type(ESMF_IOSpec), intent(in), optional :: iospec
integer, intent(out), optional :: rc

DESCRIPTION:

Creates aieSMF_Bundle with no associate&ESMF_Fields .
The arguments are:

[grid] The ESMF_Grid which all ESMF_Field s added to thiESMF_Bundle must be associated with. If not
speci ed now, the grid associated with the &SMF_Field added will be used as the reference grid for the
ESMF_Bundle.

[name] ESMF_Bundle name. A default name is generated if one is not speci ed.
[iospec] TheESMF_IOSpecis not yet used b¥ESMF_Bundle s. Any values passed in will be ignored.
[rc] Return code; equaESMF_SUCCESIibthere are no errors.

17.6.5 ESMF_BundleDestroy - Free all resources associatedth a Bundle

INTERFACE:
subroutine ESMF_BundleDestroy(bundle, rc)
ARGUMENTS:

type(ESMF_Bundle) :: bundle
integer, intent(out), optional :: rc

DESCRIPTION:

Releases resources associated withbilnedle . This method does not destroy tBEMF_Field s that thebundle
contains. Théundle should be destroyed before tBEMF_Field s within it are.

bundle An ESMF_Bundle object.
[rc] Return code; equaESMF_SUCCESIibthere are no errors.

17.6.6 ESMF_BundleGet - Return information about a Bundle

INTERFACE:
subroutine ESMF_BundleGet(bundle, grid, fieldCount, nam e, rc)
ARGUMENTS:
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type(ESMF_Bundle), intent(inout) :: bundle
type(ESMF_Grid), intent(out), optional :: grid
integer, intent(out), optional :: fieldCount
character (len = *), intent(out), optional :: name
integer, intent(out), optional :: rc

DESCRIPTION:

Returns information about tHaundle . If the ESMF_Bundle was originally created without specifying a name, a
unigue name will have been generated by the framework.
The arguments are:

bundle TheESMF_Bundle object to query.

[grid] TheESMF_Grid associated with theundle .

[ eldCount] Number ofESMF_Field s in thebundle .
[name] A character string where tH®indle name is returned.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

17.6.7 ESMF_BundleGetAttribute - Retrieve an attribute

INTERFACE:
subroutine ESMF_BundleGetAttribute(bundle, name, <valu e argument>, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
character (len = *), intent(in) :: name

<value argument>, see below for supported values
integer, intent(out), optional :: rc

DESCRIPTION:

Returns an attribute from thmundle . Supported values for <value argument> are:
integer(ESMF_KIND _14), intent(out) :: value
integer(ESMF_KIND _14), dimension(:), intent(out) :: uelList
integer(ESMF_KIND_18), intent(out) :: value
integer(ESMF_KIND_18), dimension(:), intent(out) :: ualList
real (ESMF_KIND_R4), intent(out) :: value
real (ESMF_KIND_R4), dimension(:), intent(out) :: valustL
real (ESMF_KIND_RS8), intent(out) :: value
real (ESMF_KIND_R8), dimension(:), intent(out) :: valusL
type(ESMF_Logical), intent(out) :: value
type(ESMF_Logical), dimension(:), intent(out) :: valusi
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character (len = *), intent(out), value
The arguments are:
bundle An ESMF_Bundle object.
name The name of the attribute to retrieve.
<value argument> The value of the named attribute.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

17.6.8 ESMF_BundleGetAttributeCount - Query the number ofattributes

INTERFACE:
subroutine ESMF_BundleGetAttributeCount(bundle, count , rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
integer, intent(out) :: count
integer, intent(out), optional :: rc

DESCRIPTION:

Returns the number of attributes associated with the diverlle in the argumentount .
The arguments are:

bundle An ESMF_Bundle object.
count The number of attributes associated with this object.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

17.6.9 ESMF_BundleGetAttributelnfo - Query Bundle attributes by name

INTERFACE:

! Private name; call using ESMF_BundleGetAttributelnfo()

subroutine ESMF_BundleGetAttrinfoByName(bundle, name, typekind, count, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(in) :: bundle
character(len=*), intent(in) :: name
type(ESMF_TypeKind), intent(out), optional :: typekind
integer, intent(out), optional :: count

integer, intent(out), optional :: rc

DESCRIPTION:

Returns information associated with the named attribatdyudingtypekind  and itemcount .
The arguments are:
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bundle An ESMF_Bundle object.

name The name of the attribute to query.

[typekind] The typekind of the attribute.

[count] The number of items in this attribute. For character tyges)éngth of the character string.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

17.6.10 ESMF_BundleGetAttributelnfo - Query Bundle attributes by index number

INTERFACE:

! Private name; call using ESMF_BundleGetAttributelnfo()
subroutine ESMF_BundleGetAttrinfoByNum(bundle, attrib utelndex, name, &
typekind, count, rc)

ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle

integer, intent(in) :: attributelndex

character(len=*), intent(out), optional :: name
type(ESMF_TypeKind), intent(out), optional :: typekind
integer, intent(out), optional :: count

integer, intent(out), optional :: rc

DESCRIPTION:

Returns information associated with the indexed attribntdudingtypekind  and itemcount .
The arguments are:

bundle An ESMF_Bundle object.

attributelndex The index number of the attribute to query.

name Returns the name of the attribute.

[typekind] The typekind of the attribute.

[count] Returns the number of items in this attribute. For charagfees, the length of the character string.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

17.6.11 ESMF_BundleGetField - Retrieve a Field by name

INTERFACE:

! Private name; call using ESMF_BundleGetField()

subroutine ESMF_BundleGetFieldByName(bundle, name, fie Id, rc)
ARGUMENTS:
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type(ESMF_Bundle), intent(inout) :: bundle
character (len = *), intent(in) :: name
type(ESMF_Field), intent(out) :: field
integer, intent(out), optional :: rc

DESCRIPTION:

Returns dield  from abundle using thefield 's name.
The arguments are:

bundle ESMF_Bundle to query forESMF_Field .

name ESMF_Field name.

eld ReturnedeSMF_Field .

[rc] Return code; equaESMF_SUCCESIiBthere are no errors.

17.6.12 ESMF_BundleGetField - Retrieve a Field by index nuiver

INTERFACE:

! Private name; call using ESMF_BundleGetField()

subroutine ESMF_BundleGetFieldByNum(bundle, fieldinde x, field, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
integer, intent(in) :: fieldindex
type(ESMF_Field), intent(out) :: field
integer, intent(out), optional :: rc

DESCRIPTION:

Returns dield  from abundle by index number.
The arguments are:

bundle ESMF_Bundle to query forESMF_Field .

eldindex ESMF_Field index number; rstfieldindex is 1.
eld ReturnedESMF_Field .

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

17.6.13 ESMF_BundleGetFieldNames - Return all Field namea a Bundle

INTERFACE:
subroutine ESMF_BundleGetFieldNames(bundle, nameList, nameCount, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
character (len = *), intent(out) :: nameList(:)
integer, intent(out), optional :: nameCount
integer, intent(out), optional :: rc
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DESCRIPTION:

Returns an array &SMF_Field names in aiESMF_Bundle .
The arguments are:

bundle An ESMF_Bundle object.

nameList An array of character strings where edeBMF_Field name is returned. Must be at least as long as
nameCount .

[nameCount] A count of how manfESMF_Field names were returned. Same as the numbBSHMF_Field sin
theESMF_Bundle.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

17.6.14 ESMF_BundlePrint - Print information about a Bundle

INTERFACE:
subroutine ESMF_BundlePrint(bundle, options, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
character (len=*), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Prints diagnostic information about thendle to stdout
The arguments are:

bundle An ESMF_Bundle object.
[options] Print options are not yet supported.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

17.6.15 ESMF_BundleSetAttribute - Set an attribute

INTERFACE:
subroutine ESMF_BundleSetAttribute(bundle, name, <valu e argument>, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
character (len = *), intent(in) :: name

<value argument>, see below for supported values
integer, intent(out), optional :: rc

DESCRIPTION:

Attaches an attribute to tHeundle . The attribute has aame and either avalue or avalueList . Supported
values for the <value argument> are:
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integer(ESMF_KIND _14), intent(in) :: value
integer(ESMF_KIND_14), dimension(:), intent(in) :: vallist
integer(ESMF_KIND_18), intent(in) :: value
integer(ESMF_KIND_I8), dimension(:), intent(in) :: vallist
real (ESMF_KIND_R4), intent(in) :: value
real (ESMF_KIND_R4), dimension(:), intent(in) :: valuet.i
real (ESMF_KIND_RS8), intent(in) :: value
real (ESMF_KIND_R8), dimension(:), intent(in) :: valuet.i
type(ESMF_Logical), intent(in) :: value
type(ESMF_Logical), dimension(:), intent(in) :: valust.i
character (len = *), intent(in), value

The arguments are:

bundle An ESMF_Bundle object.

name The name of the attribute to set.

<value argument> The value of the attribute to set.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

17.6.16 ESMF_BundleSetGrid - Associate a Grid with an emptBundle

INTERFACE:
subroutine ESMF_BundleSetGrid(bundle, grid, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(inout) :: bundle
type(ESMF_Grid), intent(in) :: grid
integer, intent(out), optional :: rc

DESCRIPTION:

Sets thegrid for a bundle that contains n&eSMF_Field s. All ESMF_Field s added to thibundle must
be associated with the sarB&MF_Grid. Returns an error if there is already BSMF_Grid associated with the
bundle .

The arguments are:

bundle An ESMF_Bundle object.
grid TheESMF_Grid which allESMF_Field s added to thiESMF_Bundle must have.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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17.6.17 ESMF_BundleValidate - Check validity of a Bundle

INTERFACE:
subroutine ESMF_BundleValidate(bundle, options, rc)
ARGUMENTS:

type(ESMF_Bundle), intent(in) :: bundle
character (len=*), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Validates that théundle is internally consistent. Currently this method deterraiiiehe bundle is uninitialized
or already destroyed. The method returns an error codelifigmzs are found.
The arguments are:

bundle ESMF_Bundle to validate.
[options] Validation options are not yet supported.

[rc] Return code; equaBSMF_SUCCESIBthe bundle is valid.

18 Field Class
18.1 Description

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

The ESMF Field class contains discretized eld data, a mfee to its associated grid, and metadata. The Field class
maintains the relationship of how a data array maps ontoda(grg. one item per cell located at the cell center, one
item per cell located at the NW corner, one item per cell v@rt&his means that different Fields which are on the
same underlying ESMF Grid but have different staggeringsstare the same Grid object without needing to replicate
it multiple times.

ESMF does not currently support vector elds, so the compisef a vector eld must be stored as separate Field
objects.

The Field class provides methods for initialization, sgftand retrieving data values, general data redistribugtiah
regridding, standard communication methods such as gatitescatter, and manipulation of attributes. Field methods
are called from objects internal to the framework and cao béscalled from user code.

18.2 Use and Examples

A Field serves as an annotator of data, since it carries aigéea of the grid it is associated with and metadata
such as name and units. Fields can be used in this capacitg,as convenient, descriptive containers into which
arrays can be placed and retrieved. However, for most cdaeprimary use of Fields is in the context of import
and export States, which are the objects that carry couptifogmation between Components. Fields enable data
to be self-describing, and a State holding ESMF Fields éostdata in a standard format that is easy to query and
manipulate.

The information that is necessary for describing a Fieldntotlher Component is similar to the information needed to
write history les. Another use of Fields is as a mechanismvoting out data to les for history and restart.

The sections below go into more detail about Field usage.
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18.2.1 Field Creation

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_FieldCreate() routines require a Grid object as input, or require a Grid thaea
before most operations involving Fields can be performdae Grid contains the information needed to know which
Decomposition Elements (DES) 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 ohn eftifee variants of thESMF_FieldCreate() call

is used. Some of the variants are discussed below.

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

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

For versions of Create which do not specify data values, csée can create an ArraySpec object, which contains
information about the Type, TypeKind, and Rank of the datmesin the array. Then at Field create time, the
appropriate amount of memory is allocated to contain tha détch is local to each DE.

18.2.2 Field Deletion

There is aESMF_FieldDestroy() method which releases any data buffers which were alloaatedternally
referenced by this Field, and deletes the Field object.esinsingle Grid reference can be shared by multiple Fields,
the internal Grid is not deleted by this call. Field providegpy behavior through creation and set interface, the
internally reference@ESMF_Array object will be deleted upon Field destruction.

18.2.3 Create Field with Grid and Arrayspec

The user has already createdB8MF_Grid and anESMF_Arrayspec with data. This create associates the two
objects.

grid = ESMF_GridCreateShapeTile(minindex=(/1,1/), maxl| ndex=(/10,20/), &
regDecomp=(/2,2/), name="atmgrid", rc=rc)
if (rc.NE.ESMF_SUCCESS) finalrc = ESMF_FAILURE

call ESMF_GridGet(grid, distgrid=distgrid, rc=rc)
if (rc.NE.ESMF_SUCCESS) finalrc = ESMF_FAILURE

call ESMF_ArraySpecSet(arrayspec, 2, ESMF_TYPEKIND_ R4, rc)
if (rc.NE.ESMF_SUCCESS) finalrc = ESMF_FAILURE

fieldl = ESMF_FieldCreate(grid, arrayspec, &
staggerloc=ESMF_STAGGERLOC_CENTER, name="pressure", r C=rc)
if (rc.NE.ESMF_SUCCESS) finalrc = ESMF_FAILURE

18.2.4 Use ESMF_ArrayCreate to reset Field internal Array

It's often necessary to reset the data array containedmatheld. The following examples demonstrate different ways
of creatingESMF_Array and reset the existingSMF_Array of aESMF_Field . User can reset tHeESMF_Array
inside an existing Field by construct a proper shefMF_Array arrayspec, distgrid are objects created from previ-
ous examples.

call ESMF_GridGet(grid, staggerloc=ESMF_STAGGERLOC_CE NTER, &
computationalEdgelL Width=compEdgelLWdith, &
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computationalEdgeUWidth=compEdgeUW(dith, rc=rc)
if (rc.NE.ESMF_SUCCESS) finalrc = ESMF_FAILURE
array2 = ESMF_ArrayCreate(arrayspec=arrayspec, distgri d=distgrid, staggerLoc=0, &
computationalEdgeLWidth=compEdgeLWdith, &
computationalEdgeUWidth=compEdgeUWdith, rc=rc)
if(rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

call ESMF_FieldSetArray(fieldl, array2, rc=rc)
if (rc.NE.ESMF_SUCCESS) finalrc = ESMF_FAILURE

18.2.5 Destroy a Field

When nished with arESMF_Field , the destroy method removes it. However, the objects irtkielESMF_Field
that has external reference should be deleted separatelg, gbjects can be added to more than BEMF_Field ,
for example the samESMF_Grid can be used in multiplESMF_Field s.

call ESMF_FieldDestroy(field1, rc=rc)

18.2.6 Set the Fortran data pointer in a Field

Through theESMF_FieldSetDataPtr interface user can reset the intrinsic Fortran data pogdstained in the
internalESMF_Array object of aESMF_Field . ESMF_FieldSetDataPtr is an overloaded interface based on
the type, kind, and rank of the input fortran pointer argumbmnthis example, a rank 3 ESMF_KIND_RS8 fortran data
pointer is used. This method creates an internally refa@&SMF_Array inside the eld. The previous ESMF_Array
will be deleted if it was internally referenced by the eldherwise it's replaced by the newly created array.

allocate(farray(xdim,ydim,zdim))

call ESMF_FieldSetDataPtr(f8, farray, rc=rc)

18.2.7 Resetthe Grid in a Field

User can reset the interneBSMF_Grid object of aESMF_Field through ESMF_FieldSetGrid interface. Invalid
Grid will be rejected, check return code for status.

grid = ESMF_GridCreateShapeTile(minindex=(/1,1,1/), ma xIndex=(/4*xdim-1,ydim-1,zdim-1/),
regDecomp=(/4,1,1/), name="grid", rc=rc)
if(rc .ne. ESMF_SUCCESS) finalrc = ESMF_FAILURE

call ESMF_FieldSetGrid(f8, grid=grid, rc=rc)

18.3 Restrictions and Future Work

1. No mathematical operators. The Fields class does not currently support advanced opesain elds, such
as differential or other mathematical operators.

2. No vector Fields. ESMF does not currently support storage of multiple vecteldccomponents in the same
Field component, although that support is planned. At ihi® tusers need to create a separate Field object to
represent each vector component.
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18.4 Design and Implementation Notes

1. Some methods which have a Field interface are actuallyeimgnted at the underlying Grid or Array level;
they are inherited by the Field class. This allows the usdr(ABplication Programming Interface) to present
functions at the level which is most consistent to the apgilim without restricting where inside the ESMF the
actual implementation is done.

2. The Field class is implemented in Fortran, and as such iedénside the framework by a Field derived type
and a set of subprograms (functions and subroutines) wigehate on that derived type. The Field class itself
is very thin; it is a container class which groups a Grid, anafrand a FieldDataMap object together. As a
programming convienence, the parts of the Field which refelata which is local to a single DE are grouped
in a LocalField sub-derived type, but it is not a true clasthat there are no LocalField methods which operate
onit. In general, any derived type members which are notaritbcalField subtype describe global information
about the Field.

3. Fields follow the framework-wide convention of thieisoncreation and operation rule: All PETs which are
part of the currently executing VM must create the same Biatdhe same point in their execution. Since an
early user request was that global object creation not iemfitesoverhead of a barrier or synchronization point,
Field creation does no inter-PET communication. For thiweok, each PET must query the total number of
PETs in this VM, and which local PET number it is. It can themgaite which DE(s) are part of the local
decomposition, and any global information can be computeshison by all PETs independently of the others.
In this way the overhead of communication is avoided, at tds of more dif culty in diagnosing program bugs
which result from not all PETs executing the same creats.call

4. Related to the item above, the user request to not impeseRET communication at object creation time
means that requirement FLD 1.5.1, that all Fields will ham@ue names, and if not speci ed, the framework
will generate a unique name for it, is dif cult or impossilie support. A part of this requirement has been
implememted; a unique object counter is maintained in treeRiéject class, and if a name is not given at create
time a name such as "Field003" is generated which is guageémbdanot be repeated by the framework. However,
it is impossible to error check that the user has not reitatname, and it is possible under certain conditions
that if not all PETs have created the same number of objdwsitie counters on different PETs may not stay
synchronized. This remains an open issue.

18.5 Class API: Basic Field Methods
18.5.1 ESMF_FieldDestroy - Free all resources associatedtiva Field

INTERFACE:
subroutine ESMF_FieldDestroy(field, rc)
ARGUMENTS:

type(ESMF_Field) :: field
integer, intent(out), optional :: rc

DESCRIPTION:

Releases all resources associated wittB8&F_Field .
The arguments are:

eld Pointerto arESMF_Field object.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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18.5.2 ESMF_FieldGet - Return info associated with a Field

INTERFACE:

subroutine ESMF_FieldGet(field, grid, array, &
typekind, rank, staggerloc, &
gridToFieldMap, ungriddedLBound, &
ungriddedUBound, maxHaloLWidth, &
maxHaloUWidth, name, iospec, rc)

ARGUMENTS:

type(ESMF_Field), intent(inout) :: field
type(ESMF_Grid), intent(out), optional :: grid
type(ESMF_Array), intent(out), optional :: array
type(ESMF_TypeKind), intent(out), optional :: typekind
integer, intent(out), optional :: rank
type(ESMF_StaggerLoc), intent(out), optional :: stagger loc
integer, intent(out), optional :: gridToFieldMap(:)
integer, intent(out), optional :: ungriddedLBound(:)
integer, intent(out), optional :: ungriddedUBound(:)
integer, intent(out), optional :: maxHaloLWidth(:)
integer, intent(out), optional :: maxHaloUWidth(:)
character(len=*), intent(out), optional :: name

type(ESMF_IOSpec), intent(out), optional :: iospec ! NOT I MPLEMENTED
integer, intent(out), optional :: rc
DESCRIPTION:

Query anESMF_Field for various things. All arguments after tiigéeld are optional. To select individual items
use the named_argument=value syntax.
The arguments are:

ftype Pointer to arESMF_Field object.

[grid] ESMF_Grid.

[array] ESMF_Array .

[typekind] TypeKind speci er for Field.

[rank] Rank of Field data.

[staggerloc] Stagger location of data in grid cells. For valid values antdripretation of results see Section 22.5.3.

[gridToFieldMap] List that contains as many elements as is indicated bygtlee 's rank. The list elements map
each dimension of the Grid object to a dimension in the Fselfray by specifying the appropriate Array
dimension index. The default is to map all of the grid's dirsiems against the lower dimensions of the Field's
Array in sequence, i.e. gridDimmap = (/1, 2, .../). Unmapgedensions are undistributed dimensions. The
total undistributed dimensions are the total Array dimensi- the distributed dimensions in the Grid (distRank).
All gridToFieldMap entries must be greater than or equalrte and smaller than or equal to the Array rank. It
is erroneous to specify the same entry multiple times uritéssero. If the Array rank is less than the Grid
dimCount then the default gridToFieldMap will contain zerfor the dimCount. A zero entry in the dimmap
indicates that the particular Grid dimension will be reating the Array across the DEs along this direction.

[ungriddedLBound] Lower bounds of the ungridded dimensions of the Field.

[ungriddedUBound] Upper bounds of the ungridded dimensions of the Field.
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[maxHaloLWidth] Lower bound of halo region. Defaults to 0. ! NOT IMPLEMENTED
[maxHaloUWidth] Upper bound of halo region. Defaults to 0. ! NOT IMPLEMENTED
[name] Name of queried item.

[iospec] ESMF_IOSpec object which contains settings for options ! NOT IMPLEMENDE
[rc] Return code; equaESMF_SUCCESIibthere are no errors.

18.5.3 ESMF_FieldGetArray - Get data Array associated withthe Field

INTERFACE:
subroutine ESMF_FieldGetArray(field, array, rc)

ARGUMENTS:
type(ESMF_Field), intent(inout) :: field

type(ESMF_Array), intent(out) :: array
integer, intent(out), optional :: rc

DESCRIPTION:

Get data ireSMF_Array form.
The arguments are:

eld An ESMF_Field object.
[array] Field ESMF_Array .
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

18.5.4 ESMF_FieldGetAttribute - Retrieve an attribute

INTERFACE:

subroutine ESMF_FieldGetAttribute(field, name, <value a rgument>, rc)
ARGUMENTS:

type(ESMF_Field), intent(inout) :: field

character (len = *), intent(in) :: name

<value argument>, see below for supported values
integer, intent(out), optional :: rc

DESCRIPTION:

Returns an attribute from tHeeld . Supported values for <value argument> are:
integer(ESMF_KIND _14), intent(out) :: value
integer(ESMF_KIND_14), dimension(:), intent(out) :: ualList
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integer(ESMF_KIND _18), intent(out) :: value
integer(ESMF_KIND _18), dimension(:), intent(out) :: uelList
real (ESMF_KIND_R4), intent(out) :: value
real (ESMF_KIND_R4), dimension(:), intent(out) :: valustL
real (ESMF_KIND_RS8), intent(out) :: value
real (ESMF_KIND_RS8), dimension(:), intent(out) :: valustL
type(ESMF_Logical), intent(out) :: value
type(ESMF_Logical), dimension(:), intent(out) :: valusi_
character (len = *), intent(out), value

The arguments are:

eld An ESMF_Field object.

name The name of the attribute to retrieve.

<value argument> The value of the named attribute.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

18.5.5 ESMF_FieldGetAttributeCount - Query the number of atributes

INTERFACE:

subroutine ESMF_FieldGetAttributeCount(field, count, r c)
ARGUMENTS:

type(ESMF_Field), intent(inout) :: field

integer, intent(out) :: count
integer, intent(out), optional :: rc

DESCRIPTION:

Returns the number of attributes associated with the diedth in the argumentount .
The arguments are:

eld An ESMF_Field object.
count The number of attributes associated with this object.

[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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18.5.6 ESMF_FieldGetAttributelnfo - Query Field attribut es by name

INTERFACE:

! Private name; call using ESMF_FieldGetAttributelnfo()

subroutine ESMF_FieldGetAttrinfoByName(field, name, ty pekind, count, rc)
ARGUMENTS:

type(ESMF_Field), intent(inout) :: field
character(len=*), intent(in) :: name
type(ESMF_TypeKind), intent(out), optional :: typekind
integer, intent(out), optional :: count

integer, intent(out), optional :: rc

DESCRIPTION:

Returns information associated with the named attribatdudingtypekind  andcount .
The arguments are:

eld An ESMF_Field object.

name The name of the attribute to query.

[typekind] The typekind of the attribute.

[count] The number of items in this attribute. For character typess)éngth of the character string.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

18.5.7 ESMF_FieldGetAttributelnfo - Query Field attribut es by index number

INTERFACE:

! Private name; call using ESMF_FieldGetAttributelnfo()
subroutine ESMF_FieldGetAttrinfoByNum(field, attribut elndex, name, &
typekind, count, rc)

ARGUMENTS:

type(ESMF_Field), intent(inout) :: field

integer, intent(in) :: attributelndex

character(len=*), intent(out), optional :: name
type(ESMF_TypeKind), intent(out), optional :: typekind
integer, intent(out), optional :: count

integer, intent(out), optional :: rc

DESCRIPTION:

Returns information associated with the indexed attritntdudingname, typekind  andcount .
The arguments are:

eld An ESMF_Field object.

attributelndex The index number of the attribute to query.
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name Returns the name of the attribute.

[typekind] The typekind of the attribute.

[count] Returns the number of items in this attribute. For charagfes, this is the length of the character string.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

18.5.8 ESMF_FieldPrint - Print the contents of a Field

INTERFACE:
subroutine ESMF_FieldPrint(field, options, rc)
ARGUMENTS:

type(ESMF_Field), intent(inout) :: field
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Prints information about théeld  to stdout . This subroutine goes through the internal data memberseifia
data type and prints information of each data member.
The arguments are:

eld
[options] Print options are not yet supported.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.

18.5.9 ESMF_FieldSetArray - Set data Array associated witlthe Field

INTERFACE:
subroutine ESMF_FieldSetArray(field, array, rc)

ARGUMENTS:

type(ESMF_Field), intent(inout) :: field
type(ESMF_Array), intent(in) :: array
integer, intent(out), optional :: rc

DESCRIPTION:

Set data irESMF_Array form.
The arguments are:

eld An ESMF_Field object.
[array] ESMF_Array containing data.
[rc] Return code; equaBSMF_SUCCESIibthere are no errors.
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18.5.10 ESMF_FieldSetAttribute - Set an attribute

INTERFACE:

subroutine ESMF_FieldSetAttribute(field, name, <value a rgument>, rc)

ARGUMENTS:
type(ESMF_Field), intent(inout) :: field
character (len = *), intent(in) :: name

<value argument>, see below for supported values
integer, intent(out), optional :: rc

DESCRIPTION:

Attaches an attribute to tHeld . The attribute hasmame and either aalue or avalueList
for the <value argument> are:

integer(ESMF_KIND _14), intent(in) :: value
integer(ESMF_KIND_14), dimension(:), intent(in) :: vallist
integer(ESMF_KIND_18), intent(in) :: value
integer(ESMF_KIND_8), dimension(:), intent(in) :: vallist
real (ESMF_KIND_R4), intent(in) :: value
real (ESMF_KIND_R4), dimension(:), intent(in) :: valuest.i
real (ESMF_KIND_RS8), intent(in) :: value
real (ESMF_KIND_R8), dimension(:), intent(in) :: valuest.i
type(ESMF_Logical), intent(in) :: value
type(ESMF_Logical), dimension(:), intent(in) :: valust.i
character (len = *), intent(in), value

The arguments are:

eld An ESMF_Field object.

name The name of the attribute to set.

<value argument> The value of the attribute to set.

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

. Supported values

18.5.11 ESMF_FieldValidate - Check validity of a Field

INTERFACE:
subroutine ESMF_FieldValidate(field, options, rc)
ARGUMENTS:
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type(ESMF_Field), intent(inout) :: field
character (len = *), intent(in), optional :: options
integer, intent(out), optional :: rc

DESCRIPTION:

Validates that théield is internally consistent. Currently this method deterrmaiiiehefield is uninitialized or
already destroyed. It validates the contained array artiajects. The code also checks if the array and grid sizes
agree. This check compares the distgrid contained in améygad; then it proceeds to compare the computational
bounds contained in array and grid.

The method returns an error code if problems are found.

The arguments are:

eld ESMF_Field to validate.
[options] Validation options are not yet supported.
[rc] Return code; equaESMF_SUCCESIBthe field  is valid.

18.6 Class API: Field Overloads for Fortran Arrays
18.6.1 ESMF_FieldCreate - Create a new Field from Grid and AraySpec

INTERFACE:

! Private name; call using ESMF_FieldCreate()

function ESMF_FieldCreateNew(grid, arrayspec, allocfla g, staggerloc, &
gridToFieldMap, ungriddedLBound, &
ungriddedUBound, maxHaloLWidth, &
maxHaloUWidth, name, iospec, rc)

RETURN VALUE:
type(ESMF_Field) :: ESMF_FieldCreateNew
ARGUMENTS:

type(ESMF_Grid) :: grid

type(ESMF_ArraySpec), intent(inout) :: arrayspec
type(ESMF_AllocFlag), intent(in), optional :: allocflag
type(ESMF_StaggerLoc), intent(in), optional :: staggerl oc
integer, intent(in), optional :: gridToFieldMap(:)
integer, intent(in), optional :: ungriddedLBound(:)
integer, intent(in), optional :: ungriddedUBound(:)
integer, intent(in), optional :: maxHaloLWidth(:)
integer, intent(in), optional :: maxHaloUWidth(:)
character (len=*), intent(in), optional :: name
type(ESMF_IOSpec), intent(in), optional :: iospec
integer, intent(out), optional :: rc

DESCRIPTION:

An interface function tcESMF_FieldCreate() . Create arESMF_Field and allocate space internally for a
griddedESMF_Array . Return a neviESMF_Field .
The arguments are:

grid Pointer to arESMF_Grid object.

arrayspec ESMF_Data speci cation.
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[alloc ag] Whether to allocate space for the array. See Section 9.0 do&sible values. Default ESMF_ALLOC

[staggerloc] Relative location of data per grid cell/vertex in the grifispeci ed here, takes precedence over the same
setting in thedatamap argument.

[gridToFieldMap] List that contains as many elements as is indicated bgtlte 's' rank. The list elements map
each dimension of the Grid object to a dimension in the Fsefdray by specifying the appropriate Array'
dimension index. The default is to map all of the grid's dirsiens' against the lower dimensions of the Field's
Array in sequence, i.e.' gridToFieldMap = (/1, 2, .../). Uapped dimensions are undistributed dimensions. The
total undistributed dimensions are the total Array dimensi- the distributed dimensions in the Grid (distRank).
All gridToFieldMap entries must be greater than or equalrte and smaller than or equal to the Array rank. It
is erroneous to specify the same entry multiple times untassero. If the Array rank is less than the Grid
dimCount then the default gridToFieldMap will contain zeffor the dimCount. A zero entry in the dimmap
indicates that the particular Grid dimension will be reating the Array across the DEs along this direction.

[ungriddedLBound] Lower bounds of the ungridded dimensions of the Field.
[ungriddedUBound] Upper bounds of the ungridded dimensions of the Field.
[maxHaloLWidth] Lower bound of halo region. Defaults to 0. ! NOT IMPLEMENTED
[maxHaloUWidth] Upper bound of halo region. Defaults to 0. ! NOT IMPLEMENTED
[name] Field name.

[iospec] I/O speci cation. | NOT IMPLEMENTED

[rc] Return code; equaESMF_SUCCESIibthere are no errors.

19 Array Class

19.1 Description

The ESMF_Array class is an index space based, distributed data storage dgsovides DE-local memory allo-
cations within DE-centric index regions and de nes the tietaship to the index space described by DistGrid. The
Array class offers common communication patterns withim ittdex space formalism. As part of the ESMF index
space layer Array has close relationship to the DistGrid@BEHayout classes.

19.2 Use and Examples

An ESMF_Array is a distributed object that must exist on all PETs of theaentrcontext. Each PET-local instance of
an Array object contains memory allocations for all PETaldBEs. There may be 0, 1, or more DEs per PET and the
number of DEs per PET can differ between PETSs for the sameyAigect. Memory allocations may be provided for
each PET by the user during Array creation or can be allocqzhrt of the Array create call. Many of the concepts
of the propose®SMF_Array class are illustrated by the following examples.

19.2.1 Array from native Fortran90 array with 1 DE per PET

The create call of thESMF_Array class has been overloaded extensively to facilitate thd fexggenerality while
keeping simple cases simple. The following program demates one of the simpler cases, where existing local
Fortran90 arrays are to be used to provide the PET-local meatiocations for the Array object.
program ESMF_ArrayFarrayEx

use ESMF_Mod

implicit none
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The Fortran90 language provides a variety of ways to de né @locate an array. Actual Fortran90 array objects
must either be explicit-shape or deferred-shape. In thecase the memory allocation and deallocation is automatic
from the user's perspective and the details of the alloogstatic or dynamic, heap or stack) are left to the compiler.
(Compiler ags may be used to control some of the detailsthinsecond case, i.e. for deferred-shape actual objects,
the array de nition must include the pointer or allocatabtgibute and it is the user's responsibility to allocatenme
ory. While it is also the user's responsibility to deallozatemory for arrays with pointer attribute the compiler will
automatically deallocate allocatable arrays under aediatumstances de ned by the Fortran standard.
TheESMF_ArrayCreate()  interface has been written to accept native Fortran90 siwégny avor as a means

to allow user-contolled memory management. The Array ereatl will check on each PET if suf cient memory
has been provided by the speci ed Fortran90 arrays and mdilciate an error if a problem is detected. However, the
Array create call cannot validate the lifetime of the pr@ddnemory allocations. If, for instance, an Array object
was created in a subroutine from an automatic explicit-erapay or an allocatable array, the memory allocations
referenced by the Array object will be automatically deedied on return from the subroutine unless provissions
are made by the application writer to prevent such behaVibe Array object cannot contol when memory that has
been provided by the user during Array creation becomesabaatd, however, the Array will indicate an error if it's
memory references have been invalidated.

The easiest, portable way to provide safe native Fortrar€@iony allocations to Array create is to use arrays with the
pointer attribute. Memory allocated for an array pointelt wot be deallocated automatically. However, in this case
the possibility of memory leaks becomes an issue of concEne. deallocation of memory provided to an Array in
form of a native Fortan90 allocation will remain the usespansibility.

None of the concerns discussed above are an issue in thipéexammere the native Fortran90 arfayray is de ned

in the main program. All different types of array memory alition are demonstrated in this example. HastayE

is de ned as a 2D explicit-shape array on each PET which wilbenatically provide memory fat0 10elements.

I local variables
real(ESMF_KIND_R8) .. farrayE(10,10) I explicit shape F90 array
Then an allocatable arrdgrrayA is declared which will be used to show user-controlled dyisamemory alloca-

tion.

real(ESMF_KIND_RS8), allocatable :: farrayA(:,:) ! alloca table F90 array

Finally an array with pointer attribufarrayP  is declared, also used for user-controlled dynamic menitogation.

real(ESMF_KIND_RS8), pointer :: farrayP(:,:) I F90 array po inter

A matching array pointer must also be available to gain acttethe arrays held by an Array object.

real(ESMF_KIND_R8), pointer :: farrayPtr(;,:) I matching F90 array pointer
type(ESMF_DistGrid) ;. distgrid I DistGrid object

type(ESMF_Array) I array I Array object

integer (v

call ESMF_Initialize(rc=rc)
if (rc /= ESMF_SUCCESS) call ESMF_Finalize(terminationfl ag=ESMF_ABORT)

On each PETarrayE can be accessed directly to initialize the entire PET-lacaly.
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farrayE = 12.45d0 ! initialize to some value

In order to create an Array object a DistGrid must rst be ¢eglthat describes the total index space and how it is
decomposed and distributed. In the simplest case onlynihindex andmaxindex of the total space must be
provided.

distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/40,10/), rc=rc)
This example is assumed to run on 4 PETs. The default 2D deasitign will then be into 4 x 1 DEs as to ensure 1

DE per PET.
Now the Array object can be created usingtheayE and the DistGrid just created.

array = ESMF_ArrayCreate(farray=farrayE, distgrid=dist grid, rc=rc)

The 40 x 10 index space de ned by thenindex andmaxindex arguments paired with the default decomposition
will result in the following distributed Array.

+ > 2nd dimension

| @)t

I I I

| | DE 0 | <--- farray on PET O
I I I

| o (10,10)

| (AL

I I I

| | DE 1 | <--- farray on PET 1
I I

| +ommen (20,10)

| (L)

I I I

| | DE 2 | <--- farray on PET 2
I I

| o (30,10)

| (BL1)—t

I I I

| | DE 3 | <--- farray on PET 3
I

| o (40,10)

v

1st dimension

ProvidingfarrayE  during Array creation does not change anything about theadfetrrayE  object. This means
that each PET can use its lodatrayE  directly to access the memory referenced by the Array object

print *, farrayk
Another way of accessing the memory associated with an Aviogsct is to usérrayGet()  to obtain an Fortran90
pointer that references the PET-local array.

call ESMF_ArrayGet(array, farrayPtr=farrayPtr, rc=rc)
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print *, farrayPtr
Finally the Array object must be destroyed. The PET-locaiory of thefarrayE s will remain in user control and
will not be altered byArrayDestroy()

call ESMF_ArrayDestroy(array, rc=rc)
Since the memory allocation for eafdrrayE  is automatic there is nothing more to do.

The interaction betweefarrayE  and the Array class is representative also for the two othsegarrayA and
farrayP . The only difference is in the handling of memory allocason

allocate(farrayA(10,10)) I user controlled allocation

farrayA = 23.67d0 ! initialize to some value

array = ESMF_ArrayCreate(farray=farrayA, distgrid=dist grid, rc=rc)

print *, farrayA I print PET-local farrayA directly

call ESMF_ArrayGet(array, farrayPtr=farrayPtr, rc=rc) ! obtain array pointer
print *, farrayPtr I print PET-local piece of Array through p ointer
call ESMF_ArrayDestroy(array, rc=rc) ! destroy the Array

deallocate(farrayA) ! user controlled de-allocation

ThefarrayP case is identical.

allocate(farrayP(10,10)) I user controlled allocation

farrayP = 56.81d0 I initialize to some value

array = ESMF_ArrayCreate(farray=farrayP, distgrid=dist grid, rc=rc)

print *, farrayP I print PET-local farrayA directly

call ESMF_ArrayGet(array, farrayPtr=farrayPtr, rc=rc) ! obtain array pointer
print *, farrayPtr I print PET-local piece of Array through p ointer
call ESMF_ArrayDestroy(array, rc=rc) ! destroy the Array

deallocate(farrayP) ! user controlled de-allocation

To wrap things up the DistGrid object is destroyed and ESM¥kmE nalized.

call ESMF_DistGridDestroy(distgrid, rc=rc) ! destroy the DistGrid

call ESMF_Finalize(rc=rc)

end program

19.2.2 Array from native Fortran90 array with elements for halo

The example of the previous section showed how easy it ist@tean Array object from existing PET-local Fortran90
arrays. The example did, however, not de ne any halos arte®E-local regions. The following code demonstrates
how an Array object with space for a halo can be set up.
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program ESMF_ArrayFarrayHaloEx
use ESMF_Mod

implicit none

The allocatable arrafarrayA  will be used to provide the PET-local Fortran90 array fos #mample.

I local variables

real(ESMF_KIND_RS8), allocatable :: farrayA(:,:) ! alloca table F90 array
real(ESMF_KIND_RS8), pointer :: farrayPtr(;,:) I matching F90 array pointer
type(ESMF_DistGrid) ;. distgrid I DistGrid object

type(ESMF_Array) ;o array ! Array object

integer S (R A

real :: localSum

call ESMF_Initialize(rc=rc)
if (rc /= ESMF_SUCCESS) call ESMF_Finalize(terminationfl ag=ESMF_ABORT)

The Array is to cover the exact same index space as in thequeekample. Furthermore decomposition and distribu-
tion are also kept the same. Hence the same DistGrid objédienireated and it is expected to execute this example
with 4 PETs.

distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/40,10/), rc=rc)

This DistGrid describes a 40 x 10 index space that will be dgmmsed into 4 DEs when executed on 4 PETs, associ-
ating 1 DE per PET. Each DE-local exclusive region contaths 10 elements. The DistGrid also stores and provides
information about the relationship between DEs in indexcsphowever, DistGrid does not contain information about
halos. Arrays contain halo information and it is possiblereate multiple Arrays covering the same index space with
identical decomposition and distribution using the sam&®iid object, while de ning different, Array-speci ¢ hal
regions.

The extra memory required to cover the halo in the Array dbjeast be taken into account when allocating the
PET-localfarrayA arrays. For a halo of 2 elements in each direction the foligvallocation will suf ce.

allocate(farrayA(14,14)) I Fortran90 array with halo: 14 = 10 + 2 * 2

ThefarrayA can now be used to create an Array object with enough spaeetves element halo in each direction.
The Array creation method checks for each PET that the lomai&n90 array can accomodate the requested regions.
The default behavior of ArrayCreate() is to center the esigkiregion within the total region. Consequently the
following call will provide the 2 extra elements on each sid¢he exclusive 10 x 10 region without having to specify
any additional arguments.

array = ESMF_ArrayCreate(farray=farrayA, distgrid=dist grid, rc=rc)
The exclusive Array region on each PET can be accessed theosigjtable Fortran90 array pointer. See section 19.2.6
for more details on Array regions.

call ESMF_ArrayGet(array, farrayPtr=farrayPtr, rc=rc)
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Following Array bounds convention, which by default pute theginning of the exclusive region at (1, 1, ...), the
following loop will add up the values of the local exclusivegion for each DE, regardless of how the bounds were
chosen for the original PET-locédrrayA arrays.

localSum = 0.
do j=1, 10
do i=1, 10
localSum = localSum + farrayPtr(i, j)
enddo
enddo

Elements with orj in the [-1,0] or [11,12] ranges are located outside the esteduregion and may be used to de ne
extra computational points or halo operations.
Cleanup and shut down ESMF.

call ESMF_ArrayDestroy(array, rc=rc)

deallocate(farrayA)
call ESMF_DistGridDestroy(distgrid, rc=rc)

call ESMF_Finalize(rc=rc)

end program

19.2.3 Array from ESMF_LocalArray

Alternative to the direct usage of Fortran90 arrays duringuAcreation it is also possible to rst createB8MF_LocalArray
and create the Array from it. While this may seem more burderesfor the 1 DE per PET cases discussed in the
previous sections it allows a straight forward generdiiarato the multiple DE per PET case. The following example
rst recaptures the previous example usingEB8MF_LocalArray and then expands to the multiple DE per PET
case.

program ESMF_ArrayLarrayEx
use ESMF_Mod

implicit none

The currenESMF_LocalArray interface requires Fortran90 arrays to be de ned with paiattribute.

I local variables

real(ESMF_KIND_RS8), pointer :: farrayP(:,:) I F90 array po inter
real(ESMF_KIND_RS8), pointer :: farrayPtr(;,:) I matching F90 array pointer
type(ESMF_LocalArray) ;o larray ! ESMF_LocalArray object
type(ESMF_LocalArray) :: larrayRef I ESMF_LocalArray obj ect
type(ESMF_DistGrid) .. distgrid I DistGrid object

type(ESMF_Array) ;o array ! Array object

integer tore, i, j, de

real i localSum

type(ESMF_LocalArray), allocatable :: larrayList(:) I ES MF_LocalArray object list
type(ESMF_LocalArray), allocatable :: larrayRefList(:) I ESMF_LocalArray object list
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type(ESMF_VM):: vm
integer:: localPet, petCount

call ESMF_Initialize(vm=vm, rc=rc)

if (rc /= ESMF_SUCCESS) call ESMF_Finalize(terminationfl ag=ESMF_ABORT)
call ESMF_VMGet(vm, localPet=localPet, petCount=petCou nt, rc=rc)
if (rc /= ESMF_SUCCESS) call ESMF_Finalize(terminationfl ag=ESMF_ABORT)

if (petCount /= 4) goto 10 ! TODO: use EXAMPLES _MULTI_ONLY on ce available

DistGrid and array allocation remains unchanged.
distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/40,10/), rc=rc)

allocate(farrayP(14,14)) | allocate Fortran90 array on ea ch PET with halo

Now instead of directly creating an Array object using th&H&calfarrayP sanESMF_LocalArray object will
be created on each PET.

larray = ESMF_LocalArrayCreate(farrayP, ESMF_DATA_REF, rc=rc)

The Array object can now be created frdanray . The Array creation method checks for each PET that the Lo-
calArray can accomodate the requested regions.

array = ESMF_ArrayCreate(larrayList=(/larray/), distgr id=distgrid, rc=rc)

Once created there is no difference in how the Array objetctogaused. The exclusive Array region on each PET can
be accessed through a suitable Fortran90 array pointefasbe

call ESMF_ArrayGet(array, farrayPtr=farrayPtr, rc=rc)

Alternatively it is also possible (independent of how theayrobject was created) to obtain the reference to the array
allocation held by Array in form of aESMF_LocalArry object. ThefarrayPtr can then be extracted using
LocalArray methods.

call ESMF_ArrayGet(array, larray=larrayRef, rc=rc)
call ESMF_LocalArrayGet(larrayRef, farrayPtr, rc=rc)

Either way thdfarrayPtr ~ reference can be used now to add up the values of the locaisaxelregion for each DE.
The following loop works regardless of how the bounds wer@seh for the original PET-locé&rrayP  arrays and
consequently the PET-lockdrray  objects.

localSum = 0.
do j=1, 10
do i=1, 10
localSum = localSum + farrayPtr(i, j)
enddo
enddo
print *, "localSum=", localSum
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Cleanup.

call ESMF_ArrayDestroy(array, rc=rc)

call ESMF_LocalArrayDestroy(larray, rc=rc)

deallocate(farrayP) I use the pointer that was used in alloc ate statement
call ESMF_DistGridDestroy(distgrid, rc=rc)

While the usage of LocalArrays is unnecessarily cumberdomeDE per PET Arrays, it provides a straight forward
path for extenting the interfaces to multiple DEs per PET.

In the following example a 8 x 8 index space will be decompastm2 x 4 = 8 DEs. The situation is captured by the
following DistGrid object.

distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/8,8/), &
regDecomp=(/2,4/), rc=rc)

The distgrid object created in this manner will contain 8 DEs no matter ime&any PETs are available during
execution. Assuming an execution on 4 PETs will result infatlewing distribution of the decomposition.

(8.8)

+ > 2nd dimensi on
| (1.1)

[ + + + + +

[ | DEO, PETO | DE2, PET1 | DE4, PET2 | DE6, PET3 |
| | * * | * * | * * | * * |

I I * * || * * | |* * | |* * | |
I I I I I I
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I I I I I I
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[ + + + + +

I

\Y

1st dimension

Obviously each PET is associated with 2 DEs. Each PET musta# enough space fall its DEs. This is done by
allocating as many DE-local arrays as there are DEs on the Hi€lreference to these array allocations is passed into
ArrayCreate via a LocalArray list argument that holds as yrelaments as there are DEs on the PET. Here each PET
must allocate for two DEs.

allocate(larrayList(2)) ! 2 DEs per PET

allocate(farrayP(4, 2)) I without halo each DE is of size 4 x 2
farrayP = 123.456d0
larrayList(1) = ESMF_LocalArrayCreate(farrayP, ESMF_DA TA_REF, rc=rc) ! 1st DE
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allocate(farrayP(4, 2)) I without halo each DE is of size 4 x 2
farrayP = 456.789d0
larrayList(2) = ESMF_LocalArrayCreate(farrayP, ESMF_DA TA_REF, rc=rc) ! 2nd DE

Notice that it is perfectly ne tore-usefarrayP  for all allocations of DE-local Fortran90 arrays. The adted
memory can be deallocated at the end using the array poiomégioed in théarrayList

With this information an Array object can be created. Thstgrid object indicates 2 DEs for each PET and
ArrayCreate() expects to nd two LocalArray elementdanrayList

array = ESMF_ArrayCreate(larrayList=larrayList, distgr id=distgrid, rc=rc)

Usage of a LocalArray list is the only way to provide a list afiable length of Fortran90 array allocations to Array-
Create() for each PET. Theray object created by the above call is an ESMF distributed obj&s such it must
follow the ESMF convention that requires that the calEB8BMF_ArrayCreate() = must be issued in unison by all
PETSs of the current context. Each PET only calls ArrayCigatece, even if there are multiple DEs per PET.

The ArrayGet() method provides access to the list of Locaps on each PET.

allocate(larrayRefList(2))
call ESMF_ArrayGet(array, larrayList=larrayRefList, rc =rc)

Finally, access to the actual Fortran90 pointers is donepar ®E basis. Generally each PET will loop over its DEs.

do de=1, 2
call ESMF_LocalArrayGet(larrayRefList(de), farrayPtr, rc=rc)
localSum = 0.
do =1, 2
do i=1, 4
localSum = localSum + farrayPtr(i, j)
enddo
enddo
print *, "localSum=", localSum
enddo

Note: If the VM associates multiple PEs with a PET the apfilicawritter may decide to use OpenMP loop paral-
lelization on thede loop.

Cleanup requires that the PET-local deallocations are befare the pointers to the actual Fortran90 arrays are lost.
Notice thatlarrayList is used to obtain the pointers used in the deallocate staterReinters obtained from the
larrayRefList , While pointing to the same dateannotbe used to deallocated the array allocations!

do de=1, 2
call ESMF_LocalArrayGet(larrayList(de), farrayPtr, rc= rc)
deallocate(farrayPtr)
call ESMF_LocalArrayDestroy(larrayList(de), rc=rc)

enddo

deallocate(larrayList)

deallocate(larrayRefList)

call ESMF_ArrayDestroy(array, rc=rc)

call ESMF_DistGridDestroy(distgrid, rc=rc)

With that ESMF can be shut down cleanly.

call ESMF_Finalize(rc=rc)
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end program

19.2.4 Array creation with automatic memory allocation

The examples of the previous sections made the user reppoifisi providing memory allocations for the PET-
local regions of the Array object. The user was able to useddrkie Fortran90 array methods or go through the
ESMF_LocalArray interfaces to obtain memory allocations before passingntinééo ArrayCreate(). Alternatively,
users may wish for ESMF to handle memory allocation of anyafgject directly. The following example shows the
interfaces that are available to the user to do just this.

To create areSMF_Array object without providing an existing Fortran90 arraye8MF_LocalArray thetype,
kind and rank(tkr) of the Array must be speci ed in form of aBSMF_ArraySpec argument. Here a 2D Array of
double precision real numbers is to be created:

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=2, rc=rc)

Further anESMF_DistGrid argument must be constructed that holds information alteuéntire domain (patch-
work) and the decomposition into DE-local exclusive regiohhe following line creates a DistGrid for a 5x5 global
LR domain that is decomposed into 2 x 3 =6 DEs.

distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/5,5/), &
regDecomp=(/2,3/), rc=rc)

This is enough information to create a Array object with défaettings.

array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, rc=rc)

Thearray object created by the above call is an ESMF distributed objas such it must follow the ESMF con-
vention that requires that the call EEMF_ArrayCreate() = must be issued in unison by all PETs of the current
context.

The index space covered by the Array object and the decotigrosito DE-local exclusive regions, as it is described
by the DistGrid object, is illustrated in the following diagn. Each asterix (*) represents a single element.

+ > 2nd dimensi on
| L1

| + + + +

[ | DE O | DE 2 | DE 4 |

I I I I I

| | * * | * * | * |

I I * * || * * | |* | |

I I I I I

I | * * | * * | * |

| + + + +

I I I I I

[ | DE 1 | DE 3 | DE 5 |

I I I I I

| | * * | * * | * |

I I * * || * * | |* | |

| + + + +

I (5.5)



v
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19.2.5 Native language memory access — the most general way

The exact decomposition of the index space covered bgrtag objectinto DEs is contained in thigstgrid ~ ob-
ject. Further, the layout of the DEs across the PETSs of thepoorant is stored in théelayout  contained within the
distgrid object. In the above example a default DELayout was createdgitheESMF_DistGridCreate()

call (see the refDoc / proposal f&iSMF_DELayout andESMF_DistGrid for details).

In order to use tharray objectitis necessary to know the local DEs located on ealihg®ET.

call ESMF_ArrayGet(array, localDeCount=localDeCount, r C=rc)
allocate(localDeList(localDeCount))
call ESMF_ArrayGet(array, localDelList=localDeList, rc= rc)

In general it must be assumed that there may be multiple Déeceged with the calling PET, i.éocalDeCount

>= 1. The situation where there is exactly one DE for each PETpcalDeCount =1 on every PET, is merely a
special case of the more general formulation.

Consequently, in order to gain access to the DE-local memsagymnents that have been allocated on each PET by the
ArrayCreate() call the Array must be queried forliat of LocalArray  objects, each element corresponding to
one PET-local DE.

allocate(larrayList(localDeCount))
call ESMF_ArrayGet(array, larrayList=larrayList, rc=rc )

Now each PET can loop through its local list of DEs and acdesassociated memory through a suitable Fortran90
pointer. In the current example the native pointgf=90Array must be declared as

real(ESMF_KIND_RS8), pointer:: myF90Array(:,:)

in order to match tharrayspec that was used to create tiaeray object. The following loop uses the native
language access to initialize the entire memory chunkd &fl-local DEs to 0 using Fortran90 array syntax.

do de=1, localDeCount

call ESMF_LocalArrayGet(larrayList(de), myF90Array, ES MF_DATA_REF, rc=rc)
myF90Array = O.
enddo

19.2.6 Regions and default bounds

EachESMF_Array object is decomposed into DEs as speci ed by the assoc8MF_DistGrid object. Each
piece of this decomposition, i.e. each DE, holds a chunk efAtray data in its own local piece of memory. The
details of the Array decomposition are described in thefailhg paragraphs.

At the center of the Array decomposition is tBEMF_DistGrid class. The DistGrid object speci ed during Array
creation contains three essential pieces of information:

The extent and topology of the global domain covered by thay\object in terms of indexed elements. The
total extent may be a composition or patchwork of smalleidaky rectangular (LR) domain pieces or patches.

The decomposition of the entire domain into "element exeisDE-local LR chunks. Element exclusive
means that there is no element overlap between DE-locakshdiis, however, does not exclude degeneracies
between staggering locations for certain topologies (@mplar).

The layout of DEs over the available PETs and thus the digtah of the Array data.

142



Each element of an Array is associated witkirggle DE. The union of elements associated with a DE, as de ned by
the DistGrid above, corresponds to a LR chunk of index spaadked theexclusive regiomf the DE.

There is a hierarchy of four regions that can be identi ed éach DE in an Array object. Their de nition and
relationship to each other is as follows:

Interior Region Region that only contains local elements that mpeémapped into the halo of any other DE.

The shape and size of this region for a particular DE depeoddacally on the halos de ned by other DEs and
may change during computation as halo operations are pragechand released. Knowledge of the interior
elements may be used to improve performance by overlappimgainications with ongoing computation for

a DE.

Exclusive RegionElements for which a DE claims exclusive ownership. Pcadlif this means that the DE
will be the sole source for these elements in halo and redpegations. There are exceptions to this for certain
staggering locations in some topologies. These casesmemetlide ned with the information available through
the associated DistGrid. The exclusive region includeslalhents of the interior region.

Computational RegianRegion that can be set arbitrarily within the bounds of titaltregion (de ned next).
The typical use of the computation region is to de ne bour@g bnly include elements that are updated by a
DE-local computation kernel. The compuational region dustsneed to include all exclusive elements and it
may also contain elements that lie outside the exclusivieneg

Total (Memory) RegionTotal of all DE-locally allocated elements. The size andpshof the total memory
region must accommodate the union of exclusive and conipuatdtregion but may contain additional elements.
Elements outside the exclusive region may overlap with #otusive region of another DE which makes them
potential receivers for Array halo operations. Elementside the exclusive region that do not overlap with the
exclusive region of another DE can be used to set boundaditimms and/or serve as extra memory padding.
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With the following de nitions:

computationalLWidth(:) = exclusiveLBound(:) - computati onalLBound(:)

computationalUWidth(:) = computationalUBound(;) - exclu siveLBound(:)
and

totalLWidth(:) = computationalLBound(:) - totalLBound(: )

totalUWidth(:) = totalUBound(:) - computationalUBound(: )

Theexclusive regioiis determined during Array creation by the DistGrid argum@ptional arguments may be used
to specify thecomputational regiorwhen the Array is created, by default it will be set equal @ éixclusive region.
The total region i.e. the actual memory allocation for each DE, is also aeieed during Array creation. When
creating the Array object from existing Fortran90 arrayes tibtal region is set equal to the memory provided by the
Fortran90 arrays. Otherwise the default is to allocate ashnmiemory as is needed to accomodate the union of the
DE-local exclusive and computational region. Finally ialso possible to use optional arguments to the ArrayCreate(
call to specify the total region of the object explicitly.

The ESMF_ArrayCreate()  call checks that the input parameters are consistent ahdesillt in an Array that

ful lls all of the above mentioned requirements for its D&ehl regions.

Once an Array object has been created the exclusive and¢égtiains are xed. The computational region, however,
may be adjusted within the limits of the total region usingAlnraySet()  call.

Theinterior regionis very different from the other regions in that it cannot pea ed. Theinterior regionfor each

DE is aconsequencef the choices made for the other regions collectively exadsDEs into which an Array object

is decomposed. An Array object can be queried for its DE}otarior regionsas to offer additional information to
the user necessary to write more ef cient code. See se@tmot yet implemented) for more detalils.

By default the bounds of each DE-lodatal regionare de ned as to put the start of the DE-loeaclusive regiorat

the "origin" of the local index space, i.e. @, 1, ..., 1) . With that de nition the following loop will access
each element of the DE-local memory segment for each PEAIHRIE of the Array object used in the previous sections
and print its content.

do de=1, localDeCount
call ESMF_LocalArrayGet(larrayList(de), myF90Array, ES MF_DATA_REF, rc=rc)
do i=1, size(myF90Array, 1)
do j=1, size(myF90Array, 2)
print *, "PET-local DE=", de, ": array(",i,",",j,")=", myF 90Array(i,j)
enddo
enddo
enddo

19.2.7 Array bounds

The loop over Array elements at the end of the last sectiop wolks correctly because of the default de nition of
thecomputationabndtotal regionsused in the example. In general, without such speci ¢ kndgtabout an Array
object, it is necessary to use a more formal approach to sidsa®gions with DE-local indices.

The DE-locakexclusive regiotiakes a central role in the de nition of Array bounds. Everrescomputational region
may adjust during the course of execution éxelusive regiomemains unchanged. Furthermore txelusive region

is identical for all stagger locations (discussed in a lagmtion) and as such provides a unique reference framedor th
index space of all Arrays associated with the same DistGrid.

There is a choice between two indexing options that needs todule during Array creation. By default each DE-local
exclusive region starts &t, 1, ..., 1) . However, for some computational kernels it may be more eniant
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to choose the index bounds of the DE-local exclusive regiomnsatch the index space coordinates as they are de ned
in the corresponding DistGrid object. The second optiomiy available if the DistGrid object does not contain any
non-contiguous decompositions (such as cyclically deasag dimensions).

The following example code demonstrates the safe way ofelemcing the DE-local exclusive regions of the previ-
ously createcrray object.

allocate(exclusiveUBound(2, localDeCount)) ! dimCount= 2
allocate(exclusiveLBound(2, localDeCount)) ! dimCount= 2
call ESMF_ArrayGet(array, indexflag=indexflag, &

exclusiveLBound=exclusiveLBound, exclusiveUBound=exc lusiveUBound, rc=rc)

if (indexflag == ESMF_INDEX_DELOCAL) then
I this is the default
! print *, "DE-local exclusive regions start at (1,1)"
do de=1, localDeCount
call ESMF_LocalArrayGet(larrayList(de), myF90Array, ES MF_DATA_ REF, rc=rc)
do i=1, exclusiveUBound(1, de)
do j=1, exclusiveUBound(2, de)

! print *, "DE-local exclusive region for PET-local DE=", de , &
! " array(",i,",",j,")=", myF90Array(i,j)
enddo
enddo

enddo
else if (indexflag == ESMF_INDEX_GLOBAL) then
I only if set during ESMF_ArrayCreate()

! print *, "DE-local exclusive regions of this Array have glo bal bounds"
do de=1, localDeCount
call ESMF_LocalArrayGet(larrayList(de), myF90Array, ES MF_DATA_ REF, rc=rc)

do i=exclusiveLBound(1, de), exclusiveUBound(1, de)
do j=exclusiveLBound(2, de), exclusiveUBound(2, de)
! print *, "DE-local exclusive region for PET-local DE=", de , &
! " array(",i,",",j,")=", myF90Array(i,j)
enddo
enddo
enddo
endif

call ESMF_ArrayDestroy(array, rc=rc) ! destroy the array o bject

Obviously the second branch of this simple code will workdither case, however, if a complex computational kernel
was written assumingSMF_INDEX_DELOCAtype bounds the second branch would simply be used to iredibat
problem and bail out.

The advantage of thESMF_INDEX_GLOBAIndex option is that the Array bounds directly contain imf@tion on
where the DE-local Array piece is located in a global indexcgpsense. When tieSMF_INDEX _DELOCAdbption

is used the correspondence between local and global indee spust be made by querying the associated DistGrid
for the DE-localindexList ~ arguments.

19.2.8 Computational region and extra elements for halo or adding

In the previous examples the computational regioarcdy was chosen by default to be identical to the exclusive re-
gion de ned by the DistGrid argument during Array creatidmthe following the samarrayspec anddistgrid

objects as before will be used to create an Array but now @&targmputational region shall be de ned around each
DE-local exclusive region. Furthermore, extra space vellde ned around the computational region of each DE to
accommodate a halo and/or serve as memory padding.

In this example théndexflag  argumentis set t& SMF_INDEX_GLOBAIndicating that the bounds of the exclu-
sive region correspond to the index space coordinates paithale ned by the DistGrid object.

The samarrayspec anddistgrid objects as before are used which also allows the reuse ofrtaels allocated
larrayList variable.
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array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, &
computationallLWidth=(/0,3/), computationalUWidth=(/1 1)), &
totalLWidth=(/1,4/), totalUWidth=(/3,1/), &
indexflag=ESMF_INDEX_GLOBAL, rc=rc)

Obtain thelarrayList on every PET.
call ESMF_ArrayGet(array, larrayList=larrayList, rc=rc )
The bounds of DE 1 foarray are shown in the following diagram to illustrate the sitaati Notice that the

totalLWidth andtotalUWidth  arguments in the ArrayCreate() call de ne the total regidthwespect to the
exclusive region given for each DE by tHistgrid argument.
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When working with thisarray it is possible for the computational kernel to overstep thawesive region for both
read/write access (computational region) and potentiakyl-only access into the total region outside of the compu-
tational region, if a halo operation provides valid entfiasthese elements.

The Array object can be queried for absolbtainds

allocate(computationalLBound(2, localDeCount)) ! dimCo unt=2

allocate(computationalUBound(2, localDeCount)) ! dimCo unt=2

allocate(totalLBound(2, localDeCount)) I dimCount=2

allocate(totalUBound(2, localDeCount)) I dimCount=2

call ESMF_ArrayGet(array, exclusiveLBound=exclusivelLB ound, &
exclusiveUBound=exclusiveUBound, computationalLBound =computationalLBound, &
computationalUBound=computationalUBound, totalLBound =totalLBound, &

totalUBound=totalUBound, rc=rc)

or for the relativewidths

allocate(computationalLWidth(2, localDeCount)) ! dimCo unt=2

allocate(computationalUWidth(2, localDeCount)) ! dimCo unt=2

allocate(totalLWidth(2, localDeCount)) I dimCount=2

allocate(totalUWidth(2, localDeCount)) I dimCount=2

call ESMF_ArrayGet(array, computationalLWidth=computa tionalLWidth, &
computationalUWidth=computationalUWidth, totalLWidth =totalLWidth, &

totalUWidth=totalUWidth, rc=rc)
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Either way the dereferencing of Array data is centered atdhe DE-local exclusive region:

do de=1, localDeCount
call ESMF_LocalArrayGet(larrayList(de), myF90Array, ES MF_DATA_REF, rc=rc)
I initialize the DE-local array
myF90Array = 0.1d0 * localDeList(de)
I first time through the total region of array
! print *, "myF90Array bounds for DE=", localDeList(de), Ib ound(myF90Array), &
! ubound(myF90Array)
do j=exclusiveLBound(2, de), exclusiveUBound(2, de)
do i=exclusiveLBound(1, de), exclusiveUBound(1, de)

! print *, "Excl region DE=", localDeList(de), ": array(",i SUEE &
! myF90Array(i,j)
enddo
enddo
do j=computationalLBound(2, de), computationalUBound(2 , de)
do i=computationalLBound(1, de), computationalUBound(1 , de)
! print *, "Excl region DE=", localDeList(de), ": array(",i SUEE &
! myF90Array(i,j)
enddo
enddo

do j=totalLBound(2, de), totalUBound(2, de)
do i=totalLBound(1, de), totalUBound(1, de)

! print *, "Total region DE=", localDeList(de), ": array(", "= &
! myF90Array(i,j)
enddo
enddo

I second time through the total region of array
do j=exclusiveLBound(2, de)-totalLWidth(2, de), &
exclusiveUBound(2, de)+totalUwWidth(2, de)
do i=exclusiveLBound(1, de)-totalLWidth(1, de), &
exclusiveUBound(1, de)+totalUWidth(1, de)
! print *, "Excl region DE=", localDelList(de), "
! myF90Array(i,j)
enddo
enddo
enddo

array(",i S)E &

19.2.9 1D and 3D Arrays

All previous examples were written for the 2D case. Therd&dsyever, no restriction within the Array or DistGrid
class that limits the dimensionality of Array objects begdne language speci c limitations (7D for Fortran).

In order to create an-dimensional Array the rank indicated by both #iveayspec  and thedistgrid arguments
speci ed during Array create must be equahtoA 1D Array of double precision real data hence requiresatewing
arrayspec

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=1, rc=rc)
The index space covered by the Array and the decompositiserigion is provided to the Array create method by
the distgrid argument. The index space in this example has 16 elementsoaeds the interva] 10;5]. It is

decomposed into as many DEs as there are PETs in the curréekto

distgrid1lD = ESMF_DistGridCreate(minindex=(/-10/), max Index=(/5/), &
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regDecomp=(/petCount/), rc=rc)

A 1D Array object with default regions can now be created.

arraylD = ESMF_ArrayCreate(arrayspec=arrayspec, distgr id=distgrid1D, rc=rc)

The creation of a 3D Array proceeds analogous to the 1D cdserdnk of thearrayspec  must be changed to 3
call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=3, rc=rc)

and an appropriate 3D DistGrid object must be created

distgrid3D = ESMF_DistGridCreate(minindex=(/1,1,1/), m axIndex=(/16,16,16/), &
regDecomp=(/4,4,4/), rc=rc)

before an Array object can be created.

array3D = ESMF_ArrayCreate(arrayspec=arrayspec, distgr id=distgrid3D, rc=rc)

The distgrid3D object decomposes the 3-dimensional index spacedintod 4 = 64 DEs. These DEs are
laid out across the computational resources (PETS) of thremucomponent according to a default DELayout that is
created during the DistGrid create call. Notice that in thee space proposal a DELayout does not have a sense of
dimensionality. The DELayout function is simply to map DBSRETs. The DistGrid maps chunks of index space
against DEs and thus its rank is equal to the number of indagesgimensions.

The previously de ned DistGrid and the derived Array objdetompose the index space along all three dimension.
It is, however, not a requirement that the decompositionltwegaall dimensions. An Array with the same 3D index
space could as well be decomposed along just one or alongftite dimensions. The following example shows how
for the same index space only the last two dimensions arenti@esed while the rst Array dimension has full extent

on all DEs.

call ESMF_ArrayDestroy(array3D, rc=rc)
call ESMF_DistGridDestroy(distgrid3D, rc=rc)

distgrid3D = ESMF_DistGridCreate(minindex=(/1,1,1/), m axIndex=(/16,16,16/), &
regDecomp=(/1,4,4/), rc=rc)
array3D = ESMF_ArrayCreate(arrayspec=arrayspec, distgr id=distgrid3D, rc=rc)

Finally, the de nition and usage of the stagger locationexds it was described in sectigPdand?? for the 2D case
applies without change to 1D, 3D or any other dimensionalignnections de ned in the DistGrid object may utilize
the stagger location index in order to express charadtevisf the index space topology. The concept is completely
rank independent.

19.2.10 Working with Arrays of different rank

Assume a computational kernel that involvesaney3D object as it was created at the end of the previous section.
Assume further that the kernel also involves a 2D Array onxdl&6ndex space where each point (j,k) was interacting
with each (i,j,k) column of the 3D Array. An ef cient formutimn would require that the decomposition of the 2D
Array must match that of the 3D Array and further the DELaylmeitdentical. The following code shows how this can
be accomplished.

call ESMF_DistGridGet(distgrid3D, delayout=delayout, r c=rc) ! get DELayout

distgrid2D = ESMF_DistGridCreate(minindex=(/1,1/), max Index=(/16,16/), &
regDecomp=(/4,4/), delayout=delayout, rc=rc)

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=2, rc=rc)

array2D = ESMF_ArrayCreate(arrayspec=arrayspec, distgr id=distgrid2D, rc=rc)
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Now the following kernel is sure to work withrray3D andarray2D .

call ESMF_DELayoutGet(delayout, localDeCount=localDeC ount, rc=rc)
allocate(larrayListl(localDeCount))
call ESMF_ArrayGet(array3D, larrayList=larrayListl, rc =rc)
allocate(larrayList2(localDeCount))
call ESMF_ArrayGet(array2D, larrayList=larrayList2, rc =rc)
do de=1, localDeCount
call ESMF_LocalArrayGet(larrayListl(de), myF90Array3D , ESMF_DATA REF, &
rc=rc)
myF90Array3D = 0.1d0 * de ! initialize
call ESMF_LocalArrayGet(larrayList2(de), myF90Array2D , ESMF_DATA REF, &
rc=rc)
myF90Array2D = 0.5d0 * de ! initialize
do k=1, 4
do =1, 4
dummySum = 0.d0
do i=1, 16
dummySum = dummySum + myF90Array3D(i,j,k) ! sum up the (j,k) column
enddo
dummySum = dummySum * myF90Array2D(j,k) ! multiply with loc al 2D element
! print *, "dummySum(",j,k,")=",dummySum
enddo
enddo
enddo

19.2.11 Array and DistGrid rank — 2D+1 Arrays

All of the Array create interfaces require the speci catwfrat least therrayspec  and thedistgrid arguments.
Both arguments contain a sense of dimensionality. Theioelship between these two arguments deserves extra
attention.

Thearrayspec argumentis of typESMF_ArraySpec and determines, among other things, the rank of the Array,
i.e. the dimensionality of the actual data storage. Thismaefr example, that the rank of a native language array
extracted from an Array object is equal to the rank speci gdlie arrayspec  argument. It is also equal to the
rank thatis returned as by tHeSMF_ArrayGet() call. Thearrayspec argument does not determine, however,
how the Array dimensions are decomposed and distributed.

The rank speci cation contained in thistgrid argument, which is of typESMF_DistGrid , on the other hand
has no affect on the rank of the Array. THenCount speci ed by the DistGrid object, which may be equal, greater
or less than the Array rank, determines the dimensionalitgeedecomposition

While there is no constraint between DistGdithCount and Arrayrank , there is an important relationship between
the two, resulting in the concept of index space dimensitynarray dimensions can be arbitrarily mapped against
DistGrid dimension, rendering thedecomposedimensions. The index space dimensionality is equal to timetrer

of decomposed Array dimensions.

Array dimensions that are not mapped to DistGrid dimens@yasconsidered extra eensordimensions of the Ar-
ray. They are not part of the index space. The mapping is sgokduring ESMF_ArrayCreate()  via the the

distgridToArrayMap argument. DistGrid dimensions that have not been assdoiéth Array dimensions are
replicating dimensions. The Array will be replicated across the DEs lieatlong replication DistGrid dimen-
sions.

Array tensor dimensions can be used to store multi-dimeasidata for each Array index space element. A special
purpose of tensor dimensions is to store multiple data arrayhe same Array object. It is, for example, possible to
storearrayl andarray2 of section??in a single Array object using one tensor dimension of siz&12e same
distgrid object as before can be used to create the Array.

distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/5,5/), &
regDecomp=(/2,3/), rc=rc)
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The rank in thearrayspec  argument, however, must change from 2 to 3 in order to profadéhe extra Array
dimension.

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=3, rc=rc)

During Array creation with extra dimension(s) it is necegga specify the bounds of these tensor dimension(s). This
requires two additional argumentsydistLBound andundistUBound , which are vectors in order to accommo-
date higher order tensor dimensions. The other argumamtsEimeunchanged and apply across all tensor components.
The optional arguments used in the following call are id=aitio those used to creaéerayl of section??. This

will set the total region and the stagger location of botlstercomponents to be thosearfayl

array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, &
totalLWidth=(/0,1/), totalUWidth=(/0,1/), staggerLoc= 1, &
undistLBound=(/1/), undistUBound=(/2/), rc=rc)

if (rc /= ESMF_SUCCESS) call ESMF_Finalize(terminationfl ag=ESMF_ABORT)

This will createarray with 2+1 dimensions. The 2D DistGrid is used to describe dgmusition into DEs with

2 Array dimensions mapped to the DistGrid dimensions rgguih a 2D index space. The extra Array dimension
provides storeage for multiple 2D user data arrays that @peik a single Array object. By default thiéstgrid
dimensions are associated with the rst Array dimensiorseiguence. For the example above this means that the rst
2 Array dimensions are decomposed according to the proddeistGrid. The 3rd Array dimension does not have
an associated DistGrid dimension, rendering it a tensoedgion.

The optional arguments that were used to creatay ensure that thiotal regionis large enough to accommodate
the arrays for tensor component 1 and 2. The Array classges\a specigbet() method that allows to individually
address tensor elements in an Array andstaggerLoc  andvectorDim  arguments.

call ESMF_ArraySet(array, tensorlndex=(/2/), staggerLo c=2, rc=rc)

Native language access to an Array with tensor dimensiangasnciple the same as without extra dimensions.

call ESMF_ArrayGet(array, localDeCount=localDeCount, r c=rc)
allocate(larrayList(localDeCount))
call ESMF_ArrayGet(array, larrayList=larrayList, rc=rc )

The following loop shows how a Fortran pointer to the DE-lotata chunks can be obtained and used to set data
values in the exclusive regions. The/F90Array3D variable must be of rank 3 to match the Array ranlaofy .
However, variables such &xclusiveUBound  that store the information about the decompoasition, renaine
allocated for a 2D decomposition.

call ESMF_ArrayGet(array, exclusiveLBound=exclusivelLB ound, &
exclusiveUBound=exclusiveUBound, rc=rc)
do de=1, localDeCount

call ESMF_LocalArrayGet(larrayList(de), myF90Array3D, ESMF_DATA_REF, rc=rc)
myF90Array3D = 0.0 ! initialize
myF90Array3D(exclusiveLBound(1,de):exclusiveUBound( 1l,de), &
exclusiveLBound(2,de):exclusiveUBound(2,de), 1) = 5.1 ! dummy assignment
myF90Array3D(exclusiveLBound(1,de):exclusiveUBound( 1,de), &
exclusiveLBound(2,de):exclusiveUBound(2,de), 2) = 2.5 ! dummy assignment
enddo

deallocate(larrayList)
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For some applications the default association rules betwéstGrid and Array dimensions may not satisfy the user's
needs. The optionalistgridToArrayMap argument may be used during Array creation to explicitlyciiye
the mapping between Array and DistGrid dimensions. To destmate this the following lines of code reproduce
the above example but with rearranged dimensions. HerdighgridToArrayMap argument is a list with two
elements corresponding to the DistGdilnCount of 2. The rst element indicates which Array dimension thetr
DistGrid dimension is mapped against. Here the 1st Dist@mdension maps against the 3rd Array and the 2nd
DistGrid dimension maps against the 1st Array dimensionis Tdaves the 2nd Array dimension to be the extra or
tensor dimension of the created Array object.

call ESMF_ArrayDestroy(array, rc=rc)

array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, &
distgridToArrayMap=(/3, 1/), totalLWidth=(/0,1/), tota IUWidth=(/0,1/), &
undistLBound=(/1/), undistUBound=(/2/), rc=rc)

call ESMF_ArraySet(array, tensorlndex=(/1/), staggerLo c=1, rc=rc)

call ESMF_ArraySet(array, tensorindex=(/2/), staggerLo c=2, rc=rc)

Operations on the Array object as a whole are unchanged liffeeent mapping of dimensions.

When working with Arrays that contain explicitly mapped Ayrand DistGrid dimensions it is critical to understand
thatwidth andboundarguments are always de ned in terms of the DistGrid dimemsirder. The Array dimensions
indicate how the data is actually stored in the Array objant that can be different for each Array, even if the same
DistGrid is used. The decomposition de ned by the DistGhidwever, does not change and is the same for each Array
that uses it, regardless of the dimension order in the Arfde DistGrid dimension order thus becomes a common
reference frame for all Arrays that use the same DistGrid.

The distgridToArrrayMap argument optionally provided during Array create indicatiee DistGrid to Array
dimension mapping. Depending on the formulation of the astajional kernel, the inverse mapping, i.e. Ar-
ray to DistGrid dimension mapping, is just as important. B®&MF_ArrayGet() call offers both mappings as
distgridToArrrayMap andarrayToDistGridMap , respectively. The number of elementsimayToDistGridMap
is equal to the rank of the Array. Each element corresponds tarray dimension and indicates the associated Dist-
Grid dimension by an integer number. An entry of "0" indicadé® extra Array dimension.

The association between Array and DistGrid dimensions iesocritical for correct native language access to the
Array. In the following example the inverse mapping infotioa is used to determine the correct bounds of the Array
dimensions and to verify that the kernel's assumption alduth Array dimension is a tensor dimension is correct.

allocate(arrayToDistGridMap(3)) ! arrayRank = 3

call ESMF_ArrayGet(array, arrayToDistGridMap=arrayToD istGridMap, &
exclusiveLBound=exclusiveLBound, exclusiveUBound=exc lusiveUBound, &
localDeCount=localDeCount, rc=rc)

if (arrayToDistGridMap(2) /= 0) then I check if extra dimens ion at expected index
! indicate problem and bail out

endif

I obtain larrayList for local DEs

allocate(larrayList(localDeCount))

call ESMF_ArrayGet(array, larrayList=larrayList, rc=rc )

I prepare inverse distgridToArrayMap variables for kernel loop
idml1=arrayToDistGridMap(1)

idm3=arrayToDistGridMap(3)

do de=1, localDeCount

call ESMF_LocalArrayGet(larrayList(de), myF90Array3D, ESMF_DATA_REF, rc=rc)
myF90Array3D(exclusiveLBound(idm1,de):exclusiveUBou nd(idml,de), &
1, exclusiveLBound(idm3,de):exclusiveUBound(idm3,de) ) = 10.5 ! dummy assignment
myF90Array3D(exclusiveLBound(idm1,de):exclusiveUBou nd(idml,de), &
2, exclusiveLBound(idm3,de):exclusiveUBound(idm3,de) ) = 23.3 ! dummy assignment
enddo

deallocate(exclusiveLBound, exclusiveUBound)
deallocate(arrayToDistGridMap)
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deallocate(larrayList)
call ESMF_ArrayDestroy(array, rc=rc)
if (rc /= ESMF_SUCCESS) call ESMF_Finalize(terminationfl ag=ESMF_ABORT)

19.2.12 Arrays with replicated dimensions

Thus far most examples demonstrated cases where the RiddrCount was equal to the Arrayank . The
previous section introduced the concept of Artapsordimensions whemimCount < rank . In this section
dimCount andrank are assumed completely unconstrained and the relatiotstiptgridToArrayMap and
arrayToDistGridMap will be discussed.

The Array class allows completely arbitrary mapping betwaeay and DistGrid dimensions. Most cases considered
in the previous sections used the default mapping whiclgasghe DistGrid dimensions in sequence to the lower
Array dimensions. Extra Array dimensions, if present, anesidered non-distributed tensor dimensions for which the
optionalundistLBound andundistUBound arguments must be speci ed.

The optionalistgridToArrayMap argument provides the option to override the default Digt@r Array dimen-
sion mapping. The entries of thiéstgridToArrayMap array correspond to the DistGrid dimensions in sequence
and assign a unique Array dimension to each DistGrid dineen$distGrid and Array dimensions are indexed starting
at1 for the lowest dimension. A value 80" in thedistgridToArrayMap array indicates that the respective
DistGrid dimension isiot mapped against any Array dimension. What this means istieaAtray will be replicated
along this DistGrid dimension.

As a rst example consider the case where a 1D Array

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=1, rc=rc)

is created on the 2D DistGrid used during the previous sectio

array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, rc=rc)

Here the default DistGrid to Array dimension mapping is usdtch assigns the Array dimensions in sequence to
the DistGrid dimensions starting with dimension "1". ExDistGrid dimensions are considerd replicator dimensions
because the Array will be replicated along those dimensibmthe above example the 2nd DistGrid dimension will
cause 1D Array pieces to be replicated along the DEs of thelsirid dimension. Replication in the context of
ESMF_ArrayCreate()  does not mean that data values are communicated and reglisatween different DEs,
but it means that different DEs provide memory allocati@mridenticalexclusive elements.

Access to the data storage of an Array that has been reglieddeg DistGrid dimensions is the same as for Arrays
without replication.

call ESMF_ArrayGet(array, localDeCount=localDeCount, r c=rc)

allocate(larrayList(localDeCount))

allocate(localDeList(localDeCount))

call ESMF_ArrayGet(array, larrayList=larrayList, local Delist=localDelList, &
rc=rc)

Thearray object was created without additional padding which mehasthe bounds of the Fortran array pointer
correspond to the bounds of the exclusive region. The fatiguoop will cycle through all local DEs, print the DE
number as well as the Fortran array pointer bounds. The kosimalild be:

Ibound ubound
DE 0: 1 3 -+
DE 2: 1 3 --| 1st replication set
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DE 4: 1 3 -+

DE 1: 1 2 -+
DE 3: 1 2 --| 2nd replication set
DE 5: 1 2 -+
do de=1, localDeCount
call ESMF_LocalArrayGet(larrayList(de), myF90Array1D, ESMF_DATA_REF, &
rc=rc)
print *, "DE "|localDeList(de)," [", Ibound(myF90Arrayl1D ), &
ubound(myF90Array1D),"]"
enddo

deallocate(larrayList)
deallocate(localDeList)
call ESMF_ArrayDestroy(array, rc=rc)

The Fortran array pointer in the above loop was of rank 1 bexdlne Array object was of rank 1. However, the
distgrid object associated witarray is 2-dimensional! Consequently DistGrid based informatjaeried from
array will be 2D. ThedistgridToArrayMap andarrayToDistGridMap arrays provide the necessary map-
ping to correctly associate DistGrid based informatiorhwiitray dimensions.

The next example creates a 2D Array

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=2, rc=rc)

on the previously used 2D DistGrid. By default, i.e. withthe distgridToArrayMap argument, both DistGrid
dimensions would be associated with the two Array dimerssibtowever, thelistgridToArrayMap speci edin

the following call will only associate the second DistGridn@nsion with the rst Array dimension. This will render
the rst DistGrid dimension a replicator dimension and tieeand Array dimension a tensor dimension for which 1D
undistLBound andundistUBound arguments must be supplied.

array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, &
distgridToArrayMap=(/0,1/), undistLBound=(/11/), undi stUBound=(/14/), rc=rc)
call ESMF_ArrayDestroy(array, rc=rc)

Finally, the samearrayspec anddistgrid arguments are used to create a 2D Array that is fully re@tat
both dimensions of the DistGrid. Both Array dimensions ape tensor dimensions and both DistGrid dimensions
are replicator dimensions.

array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, &
distgridToArrayMap=(/0,0/), undistLBound=(/11,21/), u ndistUBound=(/14,22/), &
rc=rc)

The result will be an Array with local lower bound (/11,21Adaupper bound (/14,22/) on all 6 DEs of the DistGrid.

call ESMF_ArrayDestroy(array, rc=rc)

call ESMF_DistGridDestroy(distgrid, rc=rc)
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Replicated Arrays can also be created from existing locar&o arrays. The following Fortran array allocation will
provide a 3 x 10 array on each PET.

allocate(myF90Array2D(3,10))

Assuming a petCount of 4 the following DistGrid de nes a 2Riéx space that is distributed across the PETs along
the rst dimension.

distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/40,10/), rc=rc)

The following call creates an Array object on the above didtgsing the locally existingnyF90Array2D Fortran
arrays. The difference compared to the case with automatimany allocation is that instead afrayspec the
Fortran array is provided as argument. FuthermoreutidisttBound andundistUBound arguments can be
omitted, defaulting into Array tensor dimension lower bdwfi 1 and an upper bound equal to the size of the respective
Fortran array dimension.

array = ESMF_ArrayCreate(farray=myF90Array2D, distgrid =distgrid, &
distgridToArrayMap=(/0,2/), rc=rc)
Thearray object associates the 2nd DistGrid dimension with the 2ndyAdimension. The rst DistGrid dimension

is not associated with any Array dimension and will lead fioation of the Array along the DEs of this direction.

call ESMF_ArrayDestroy(array, rc=rc)

call ESMF_DistGridDestroy(distgrid, rc=rc)

19.2.13 Communication — Scatter and Gather

It is a common situation, particularily in legacy code, taatESMF Array object must be lled with data originating
from a large Fortran array stored on a single PET.

if (localPet == 0) then
allocate(farray(10,20,30))

do k=1, 30
do =1, 20
do i=1, 10
farray(i, j, k) = k*1000 + j*100 + i
enddo
enddo
enddo
endif
distgrid = ESMF_DistGridCreate(minindex=(/1,1,1/), max Index=(/10,20,30/), &
rc=rc)
call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_14, rank=3, rc=rc)
array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, rc=rc)
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The ESMF_ArrayScatter() method provides a convenient way of scattering array data f single root PET
across the DEs of an ESMF Array object.

call ESMF_ArrayScatter(array, farray=farray, rootPet=0 , rc=rc)

if (localPet == 0) then
deallocate(farray)
endif

The destination of the ArrayScatter() operation are alDRs of a single patch. For multi-patch Arrays the destimatio
patch can be speci ed. The shape of the scattered Fortrag amust match the shape of the destination patch in the
ESMF Array.

Gathering data decomposed and distributed across the D&as BEMF Array object into a single Fortran array on
root PET is accomplished by calliieSMF_ArrayGather()

if (localPet == 3) then
allocate(farray(10,20,30))
endif

call ESMF_ArrayGather(array, farray=farray, rootPet=3, rc=rc)

if (localPet == 3) then
deallocate(farray)
endif

The source of the ArrayGather() operation are all the DEssihgle patch. For multi-patch Arrays the source patch
can be speci ed. The shape of the gathered Fortran arraymmatsh the shape of the source patch in the ESMF Array.
TheESMF_ArrayScatter() operation allows to Il entire replicated Array objects Wwitlata coming from a single
root PET.

distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/5,5/), &
regDecomp=(/2,3/), rc=rc)

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=2, rc=rc)

array = ESMF_ArrayCreate(arrayspec=arrayspec, distgrid =distgrid, &
distgridToArrayMap=(/0,0/), undistLBound=(/11,21/), u ndistUBound=(/14,22/), &
rc=rc)

The shape of the Fortran source array used in the Scattéir(hest be that of the contracted Array, i.e. contracted
DistGrid dimensions do not count. For tagay just created this means that the source arraspotPet  must be
of shape 4 x 2.

if (localPet == 0) then
allocate(myF90Array2D(4,2))
do j=1,2
do i=1,4
myF90Array2D(i,j) = i * 100.d0 + j * 1.2345d0 ! initialize
enddo
enddo
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endif

call ESMF_ArrayScatter(array, farray=myF90Array2D, roo tPet=0, rc=rc)

if (localPet == 0) then
deallocate(myF90Array2D)
endif

This will have lled each local 4 x 2 Array piece with the regdited data ofnyF90Array2D .

call ESMF_ArrayDestroy(array, rc=rc)

call ESMF_DistGridDestroy(distgrid, rc=rc)

As a second example for the use of Scatter() and Gather(jdmrbke following replicated Array created from existing
local Fortran arrays.

allocate(myF90Array2D(3,10))
distgrid = ESMF_DistGridCreate(minindex=(/1,1/), maxin dex=(/40,10/), rc=rc)

array = ESMF_ArrayCreate(farray=myF90Array2D, distgrid =distgrid, &
distgridToArrayMap=(/0,2/), rc=rc)

Thearray object associates the 2nd DistGrid dimension with the 2nidyAdimension. The rst DistGrid dimension
is not associated with any Array dimension and will lead talioation of the Array along the DEs of this direction.
Still, the local arrays that comprise tlagray object refer to independent pieces of memory and can balingd
indpendently.

myF90Array2D = localPet ! initialize
However, the notion of replication becomes visible when mayaof shape 3 x 10 on root PET 0 is scattered across
the Array object.

if (localPet == 0) then
allocate(myF90Array2D2(5:7,11:20))

do j=11,20
do i=5,7
myF90Array2D2(i,j) = i * 100.d0 + j * 1.2345d0 ! initialize
enddo
enddo
endif
call ESMF_ArrayScatter(array, farray=myF90Array2D2, ro otPet=0, rc=rc)

if (localPet == 0) then
deallocate(myF90Array2D2)
endif
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The Array pieces on every DE will receive the same source, datallting in a replication of data along DistGrid
dimension 1.

When the inverse operation, i.&SMF_ArrayGather() , is applied to a replicated Array an intrinsic ambiguity
needs to be considered. ESMF de nes the gathering of dataeyfleated Array as the collection of data originating
from the numerically higher DEs. This means that data inicafgdd elements associated with numerically lower
DEs will be ignored durindeSMF_ArrayGather() . For the current example this means that changing the Array
contents on PET 1, which here corresponds to DE 1,

if (localPet == 1) then

myF90Array2D = real(1.2345, ESMF_KIND_RS)
endif

will notaffect the result of
allocate(myF90Array2D2(3,10))

myF90Array2D2 = 0.d0 I initialize to a known value
call ESMF_ArrayGather(array, farray=myF90Array2D2, roo tPet=0, rc=rc)

The result remains completely de ned by the unmodi ed valud Array in DE 3, the numerically highest DE.
However, overriding the DE-local Array piece on DE 3
if (localPet==3) then
myF90Array2D = real(5.4321, ESMF_KIND_RS)
endif
will change the outcome of

call ESMF_ArrayGather(array, farray=myF90Array2D2, roo tPet=0, rc=rc)

as expected.
deallocate(myF90Array2D2)

call ESMF_ArrayDestroy(array, rc=rc)

call ESMF_DistGridDestroy(distgrid, rc=rc)

19.2.14 Communication — Redist

Arrays used in different models often cover the same indexespegion, however, the distribution of the Arrays may
be different, e.g. the models run on exclusive sets of PEVen i the Arrays are de ned on the same list of PETs the
decomposition may be different.

srcDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma xIndex=(/10,20/), &
regDecomp=(/4,1/), rc=rc)

dstDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma xIndex=(/10,20/), &
regDecomp=(/1,4/), rc=rc)
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The number of elements coveredsrgDistgrid is identical to the number of elements coveredibiDistgrid
—in fact the index space regions covered by both DistGrieédbjare congruent.

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=2, rc=rc)
srcArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=srcDistgrid, rc=rc)
dstArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=dstDistgrid, rc=rc)

By constructiorsrcArray  anddstArray  are of identical type and kind. Further the number of exelisiements
matches between both Arrays. These are the prerequesitdsefapplication of an Array redistribution in default
mode. In order to increase performance of the actual réalision the communication patter must be precomputed
and stored.

call ESMF_ArrayRedistStore(srcArray=srcArray, dstArra y=dstArray, &
routehandle=redistHandle, rc=rc)

The redistHandle can now be used repeatedly on #reArray , dstArray pair to redistributed data from
source to destination Array.

call ESMF_ArrayRedist(srcArray=srcArray, dstArray=dst Array, &
routehandle=redistHandle, rc=rc)

The use of theedistHandle is not restricted tosrcArray anddstArray . TheredistHandle can be
applied to redistribute data between any Array pairs thatangruent to the Array pair used during precomputation.
Arrays are congruent if they are de ned on matching Dist&éahd the shape of local array allocations match for all
DEs.

The resources held bedistHandle need to be deallocated by the user code before the handlembedpnacces-
sible.

call ESMF_RouteHandleRelease(routehandle=redistHand| e, rc=rc)

In defaultmode, i.e. without providing the optionsicToDstTransposeMap  argumentESMF_ArrayRedistStore()
does not require equal number of dimensions in source artthdtsn Array. Only the total number of elements must
match.

SpecifyingsrcToDstTransposeMap  switchesESMF_ArrayRedistStore() into transposemode. In this
mode each dimension sfcArray is uniquely associated with a dimensiordstArray . The sizes of associated
dimensions must match for each pair.

dstDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma xIndex=(/20,10/), rc=rc)

dstArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=dstDistgrid, rc=rc)

This dstArray  object covers a 20 x 10 index space while #reArray , de ned further up, covers a 10 x 20
index space. SettingrcToDstTransposeMap = (/2,1/) will associate the rst and second dimension of
srcArray  with the second and rst dimension afstArray , respectively. This corresponds to a transpose of
dimensions. Since the decomposition and distribution ofetisions may be different for source and destination
redistribution may occur at the same time.
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call ESMF_ArrayRedistStore(srcArray=srcArray, dstArra y=dstArray, &
routehandle=redistHandle, srcToDstTransposeMap=(/2,1 /), rc=rc)

call ESMF_ArrayRedist(srcArray=srcArray, dstArray=dst Array, &
routehandle=redistHandle, rc=rc)

The transpose mode BSMF_ArrayRedist()  is notlimited to distributed dimensions of Arrays. TéreToDstTransposeMap
argument can be used to transpose undistributed dimerigitims same manner. Furthermore transposing distributed

and undistributed dimensions between Arrays is also stiggor

ThesrcArray used in the following examples is of rank 4 with 2 distributed! 2 undistributed dimensions. The
distributed dimensions are the two rst dimensions of theafrand are distributed according to threDistgrid

which describes a total index space region of 100 x 200 elesndrne last two Array dimensions are undistributed
dimensions of size 2 and 3, respectively.

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=4, rc=rc)

srcDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma xIndex=(/100,200/), &
rc=rc)

srcArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=srcDistgrid, &

undistLBound=(/1,1/), undistUBound=(/2,3/), rc=rc)

The rst dstArray to consider is de ned on a DistGrid that also describes a 1@0& index space region. The
distribution indicated bydstDistgrid may be different from the source distribution. Again thet tao Array
dimensions are associated with the DistGrid dimensionsdisnce. Furthermore, the last two Array dimensions are
undistributed dimensions, however, the sizes are 3 andgeotively.

dstDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma xIndex=(/100,200/), &
rc=rc)
dstArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=dstDistgrid, &

undistLBound=(/1,1/), undistUBound=(/3,2/), rc=rc)

The desired mapping betwesrcArray anddstArray dimensions is expressed bycToDstTransposeMap

= (/1,2,4,3)) , transposing only the two undistributed dimensions.
call ESMF_ArrayRedistStore(srcArray=srcArray, dstArra y=dstArray, &
routehandle=redistHandle, srcToDstTransposeMap=(/1,2 ,4,3/), rc=rc)
call ESMF_ArrayRedist(srcArray=srcArray, dstArray=dst Array, &

routehandle=redistHandle, rc=rc)

Next consider astArray that is de ned on the samdstDistgrid , but with a different order of Array di-
mensions. The desired order is speci ed during Array coeatising the argumerttistgridToArrayMap =

(/2,3/) . This map associates the rst and second DistGrid dimerssiagth the second and third Array dimensions,
respectively, leaving Array dimensions one and four umithisted.

dstArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=dstDistgrid, &
distgridToArrayMap=(/2,3/), undistLBound=(/1,1/), und istUBound=(/3,2/), &
rc=rc)
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Again the sizes of the undistributed dimensions are chaseevierse order compared socArray . The desired
transpose mapping in this case will e ToDstTransposeMap = (/2,3,4,1/)

call ESMF_ArrayRedistStore(srcArray=srcArray, dstArra
routehandle=redistHandle, srcToDstTransposeMap=(/2,3

call ESMF_ArrayRedist(srcArray=srcArray, dstArray=dst
routehandle=redistHandle, rc=rc)

y=dstArray, &
,4,1/), rc=rc)

Array, &

Finally consider the case whedstArray is constructed on a 200 x 3 index space and where the undigttib

dimensions are of size 100 and 2.

dstDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma
rc=rc)

dstArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg
undistLBound=(/1,1/), undistUBound=(/100,2/), rc=rc)

xIndex=(/200,3/), &

rid=dstDistgrid, &

By constructionsrcArray  anddstArray  hold the same number of elements, albeit in a very differapbuit.
Nevertheless, with arcToDstTransposeMap  that maps matching dimensions from source to destination an

Array redistribution becomes a well de ned operation beswsrcArray

call ESMF_ArrayRedistStore(srcArray=srcArray, dstArra
routehandle=redistHandle, srcToDstTransposeMap=(/3,1

call ESMF_ArrayRedist(srcArray=srcArray, dstArray=dst
routehandle=redistHandle, rc=rc)

anddstArray

y=dstArray, &
,4,2/), rc=rc)

Array, &

The default mode of Array redistribution, i.e. without pighing asrcToDstTransposeMap  to ESMF_ArrayRedistStore()
also supports undistributed Array dimensions. The requé in this case is that the total undistributed elememtou

i.e. the product of the sizes of all undistributed dimensjdre the same for source and destination Array. In this mode
the number of undistributed dimensions need not match legtweurce and destination.

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK

srcDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma
regDecomp=(/4,1/), rc=rc)

srcArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg
undistLBound=(/1,1/), undistUBound=(/2,4/), rc=rc)

dstDistgrid = ESMF_DistGridCreate(minindex=(/1,1/), ma
regDecomp=(/1,4/), rc=rc)

dstArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg
distgridToArrayMap=(/2,3/), undistLBound=(/1,1/), und
rc=rc)
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IND_RS8, rank=4, rc=rc)

xIndex=(/10,20/), &

rid=srcDistgrid, &

xIndex=(/10,20/), &

rid=dstDistgrid, &
istUBound=(/2,4/), &



BothsrcArray anddstArray have two undistributed dimensions and a total count of unbiged elements of

2 4=8.

The Array redistribution operation is de ned in terms of seqtialized undistributed dimensions. In the above case
this means that a unique sequence index will be assignedhooéshe 8 undistributed elements. The sequence indices
will be 1, 2, ..., 8, where sequence index 1 is assigned toitsteelement in the rst (i.e. fastest varying in memory)
undistributed dimension. The following undistributedreénts are labeled in consecutive order as they are stored in
memory.

call ESMF_ArrayRedistStore(srcArray=srcArray, dstArra y=dstArray, &
routehandle=redistHandle, rc=rc)

The redistribution operation by default applies the idgmiperation between the elements of undistributed dimen-
sions. This means that source element with sequence indégdieymapped against destination element with sequence
index 1 and so forth. Because of the way source and destinAti@ys in the current example were constructed this

corresponds to a mapping of dimensions 3 and 4roArray  to dimensions 1 and 4 afstArray |, respectively.

call ESMF_ArrayRedist(srcArray=srcArray, dstArray=dst Array, &
routehandle=redistHandle, rc=rc)

Array redistribution doesot require the same number of undistributed dimensions incgoand destination Array,
merely the total number of undistributed elements must matc

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=3, rc=rc)

dstArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=dstDistgrid, &
distgridToArrayMap=(/1,3/), undistLBound=(/11/), undi stUBound=(/18/), &
rc=rc)

This dstArray  object only has a single undistributed dimension, whileste@rray , de ned further back, has
two undistributed dimensions. However, the total undistiéd element count for both Arrays is 8.

call ESMF_ArrayRedistStore(srcArray=srcArray, dstArra y=dstArray, &
routehandle=redistHandle, rc=rc)

In this case the default identity operation between the etgmof undistributed dimensions correspondsiioeaging
of dimensions 3 and 4 asrcArray  into dimension 2 omstArray

call ESMF_ArrayRedist(srcArray=srcArray, dstArray=dst Array, &
routehandle=redistHandle, rc=rc)

19.2.15 Communication — SparseMatMul

Sparse matrix multiplication is a fundamental Array comication method. One frequently used application of this
method is the interpolation between pairs of Arrays. Thagple is this: the value of each element in the exclusive
region of the destination Array is expressed as a linear @uatibn of potentially allthe exclusive elements of the
source Array. Naturally most of the coef cients of theseslin combinations will be zero and it is more ef cient to
store explicit information about the non-zero elements tivskeep track of all the coef cients.

There is a choice to be made with respect to the format in wioistore the information about the non-zero elements.
One option is to store the value of each coef cient togethith whe corresponding destination element index and
source elementindex. Destination and source indices dmukpressed in terms of the corresponding DistGrid patch
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index together with the coordinate tuple within the patchhil/this format may be the most natural way to express
elements in the source and destination Array, it has two miawbacks. First the coordinate tupledisnCount

speci ¢ and second the format is extremly bulky. For 2D seusad destination Arrays it would require 6 integers to
store the source and destination element information foh @@n-zero coef cient and matters get worse for higher
dimensions.

Both problems can be circumventedibyerpretingsource and destination Arrays as sequentialized stringsaiors

of elements. This is done by assigning a unigaquence indeto each exclusive element in both Arrays. With that
the operation of updating the elements in the destinatioayAas linear combinations of source Array elements takes
the form of asparse matrix multiplication

The default sequence index rule assigns intléx theminindex corner element of the rst patch of the DistGrid
on which the Array is de ned. It then increments the sequeindex by 1 for each element running through the
DistGrid dimensions by order. The index space position eflistGrid patches does not affect the sequence labeling
of elements. The default sequence indices for

srcDistgrid = ESMF_DistGridCreate(minindex=(/-1,0/), m axIndex=(/1,3/), rc=rc)

for each element are:

> 2nd dim
I
| + + + + +
I I(-l,O)I I I | I(-1|,3)I I
| | 11 41 7 | 10 |
[ + + + + +
| I I I I
| I I I I
| | 2| 5 [ 8 | 11 |
| + + + + +
I I 1,0 I I | I ?1,3)I I
| 1 31 6 [ 9 | 12 |
| + + + + +
I
v
1st dim

The assigned sequence indices are decomposition andudigir invariant by construction. Furthermore, when an
Array is created with extra elements per DE on a DistGrid thguence indices (which only cover the exclusive
elements) remain unchanged.

call ESMF_ArraySpecSet(arrayspec, typekind=ESMF_TYPEK IND_RS8, rank=2, rc=rc)

srcArray = ESMF_ArrayCreate(arrayspec=arrayspec, distg rid=srcDistgrid, &
totalLWidth=(/1,1/), totalUWidth=(/1,1/), indexflag=E SMF_INDEX_GLOBAL, &
rc=rc)

The extra padding of 1 element in each direction around thkisixe elements on each DE are "invisible" to the Array
spare matrix multiplication method. These extra elemerg®aher updated by the computational kernel or by Array
halo operations (not yet implemented!).

An alternative way to assign sequence indices to all the eésnin the patches covered by a DistGrid object is to
use a specidESMF_DistGridCreate() call. This call has been speci cally designed for 1D casdb aibitrary,
user-supplied sequence indices.
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seqindexList(1) = localPet*10
seqindexList(2) = localPet*10 + 1
dstDistgrid = ESMF_DistGridCreate(arbSeqlndexList=seq IndexList, rc=rc)

This call toESMF_DistGridCreate() is collective across the current VM. ThebSeqlindexList argument
speci es the PET-local arbitrary sequence indices thatinede covered by the local DE. The resulting DistGrid has
one local DE per PET which covers the entire PET-local indage. The user supplied sequence indices must be
unique, but the sequence may be interrupted. The four DEst@fistgrid have the following local 1D index
space coordinates (given between "()") and sequence mdice

covered by DE O covered by DE 1  covered by DE 2  covered by DE 3

on PET O on PET 1 on PET 2 on PET 3
@ :0 Q) : 10 Q) : 20 (1)30 ---------
2 :1 2 : 11 2 : 21 2 : 31

Again the DistGrid object provides the sequence index lagdbr the exclusive elements of an Array created on the
DistGrid regardless 