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G
F

D
L

S
trategic

O
bjectives

G
F

D
L

is
a

N
O

A
A

clim
ate

m
odeling

centre.
T

he
prim

ary
focus

is
the

use
and

developm
ent

of
coupled

clim
ate

m
odels

for
sim

ulations
of

clim
ate

variability
and

clim
ate

change
on

short(seasonal-interannual)and
long

(decadal-centennial)
tim

e
scales.

�

P
rovide

tim
ely

and
reliable

know
ledge

forthe
nation

on
naturalclim

ate
variability

and
anthropogenic

change.

�

D
evelop

E
arth

S
ystem

s
M

odels
(E

S
M

s)
for

clim
ate

variability
and

change.

�

A
dvance

expertassessm
entofglobaland

regionalclim
ate

change
through

research,
im

proved
m

odeland
data

products.

1



G
F

D
L

C
om

puting

�

R
eliance

on
C

ray
vector

architecture
in

previous
decades.

�

Transition
to

scalable
com

puting
begun

in
1997

w
ith

the
acquisition

of
C

ray
T

3E
.

�

C
urrent

com
puting

capability: �
�
� ���
�
� �
�	�
�
�
� 


p
O

rigin
3000.

2



Technological
trends

In
clim

ate
research...

increased
em

phasis
on

detailed
representation

of
individual

physical
processes

governing
the

clim
ate;

requires
m

any
team

s
ofspecialists

to
be

able
to

contribute
com

ponents
to

an
overall

coupled
system

;

In
com

puting
tec

hnology
...

increase
in

hardw
are

and
softw

are
com

plex-
ity

in
high-perform

ance
com

puting,as
w

e
shifttow

ard
the

use
ofscal-

able
com

puting
architectures.

3



Technological
trends

In
softw

are
design

for
broad

com
m

unities...
T

he
open

source
com

m
u-

nity
provided

a
viable

approach
to

the
construction

ofsoftw
are

to
m

eet
diverse

requirem
ents

through
“open

standards”.
T

he
standards

evolve
through

consultation
and

prototyping
across

the
user

com
m

unity.

“R
ough

consensus
and

w
orking

code.”
[IE

T
F

]

4



T
he

G
F

D
L

response:

m
odernization

of
m

odeling
softw

are

�

A
bstraction

of
underlying

hardw
are

to
provide

uniform
program

m
ing

m
odel

across
vector,uniprocessor

and
scalable

architectures;

�

D
istributed

developm
entm

odel:
m

any
contributing

authors.
U

se
high-

levelabstractlanguage
features

to
facilitate

developm
entprocess;

�

M
odular

design
for

interchangeable
dynam

icalcores
and

physicalpa-
ram

eterizations,
developm

ent
of

com
m

unity-w
ide

standards
for

com
-

ponents.

5



F
M

S
:

the
G

F
D

L
F

lexib
le

M
odeling

S
ystem

JeffA
nderson,V.B

alaji,W
illC

ooke,JeffD
urachta,M

attH
arrison,Isaac

H
eld,P

aulK
ush-

ner,A
m

y
Langenhorst,

Z
hiLiang,

S
ergey

M
alyshev,G

iang
N

ong,
R

on
P

acanow
ski,P

ete
P

hillipps,LoriT
hom

pson,M
ike

W
inton,B

ruce
W

ym
an,...

�

D
evelop

high-perform
ance

kernels
forthe

num
ericalalgorithm

s
underlying

non-linear
flow

and
physicalprocesses

in
com

plex
fluids;

�

M
aintain

high-levelcode
structure

needed
to

harness
com

ponentm
odels

and
repre-

sentations
ofclim

ate
subsystem

s
developed

by
independentgroups

ofresearchers;

�

E
stablish

standards,and
provide

a
shared

softw
are

infrastructure
im

plem
enting

those
standards,

for
the

construction
of

clim
ate

m
odels

and
m

odel
com

ponents
portable

across
a

variety
ofscalable

architectures.

�

B
enchm

arked
on

a
w

ide
variety

ofhigh-end
com

puting
system

s;

�

R
un

in
production

on
very

different
architectures:

parallelvector
(P

V
P

),
distributed

m
assively-parallel(M

P
P

)
and

distributed
shared-m

em
ory

(N
U

M
A

).

6



A
rchitecture

of
F

M
S

M
achine

layer

D
istributed

grid
layer

M
odellayer

C
oupler

layer

F
M

S
Infrastructure

U
ser

code

F
M

S
S

uperstructure

�

�
7



F
M

S
shared

infrastructure:

m
ac

hine
and

grid
layers

M
P

P
m

odules
com

m
unication

kernels,dom
ain

decom
position

and
update,parallelI/O

.

T
im

e
and

calendar
m

ana
g

er
tracking

of
m

odel
tim

e,
scheduling

of
events

based
on

m
odeltim

e.

D
ia

gnostics
m

ana
g

er
R

untim
e

outputofm
odelfields.

S
cientific

libraries
U

niform
interface

to
proprietary

and
open

scientific
library

routines.

8



C
om

m
unication

kernels

provide
uniform

interface
to:

�

M
P

Im
essage-passing

across
clusters.

�

M
P

Ior
S

H
M

E
M

on
tightly-coupled

distributed
m

em
ory

(T
3E

).

�

P
ointer-sharing

and
direct

copy
on

shared-m
em

ory
and

distributed-
shared

m
em

ory
(N

U
M

A
).

9



U
ser

interface
to

com
m

unication
kernels

�

m
p

p
_

d
e

fin
e

_
d

o
m

a
in

s()

�

m
p

p
_

u
p

d
a

te
_

d
o

m
a

in
s()

(1
,1

)

(n
i,n

j)

(is,js)

(ie
,je

)

typ
e

(d
o

m
a

in
2

D
)

::
d

o
m

a
in

ca
ll

m
p

p
_

d
e

fin
e

_
d

o
m

a
in

s(
(/1

,n
i,1

,n
j/),

d
o

m
a

in
,

xh
a

lo
=

2
,

yh
a

lo
=

2
)

...
ca

ll
m

p
p

_
u

p
d

a
te

_
d

o
m

a
in

s(
f,

d
o

m
a

in
)

!p
e

rfo
rm

co
m

p
u

ta
tio

n
s

o
n

f

10



P
arallel

I/O
interface

m
p

p
_

io
_

m
o

d
is

a
setofsim

ple
calls

to
sim

plify
I/O

from
a

parallelprocessing
environm

ent.
Ituses

the
dom

ain
decom

position
and

com
m

unication
interfaces

of
m

p
p

_
m

o
d

and
m

p
p

_
-

d
o

m
a

in
s_

m
o

d
.

It
is

designed
to

deliver
high-perform

ance
I/O

from
distributed

data,
in

the
form

ofself-describing
files

(verbose
m

etadata).

m
p

p
_

io
_

m
o

d
supports

three
types

ofparallelI/O
:

�

S
ingle-threaded

I/O
:a

single
P

E
acquires

allthe
data

and
w

rites
itout.

�

M
ulti-threaded,single-filesetI/O

:m
any

P
E

s
w

rite
to

a
single

file.

�

M
ulti-threaded,m

ulti-filesetI/O
:m

any
P

E
s

w
rite

to
independentfiles

(requires
post-

processing).

11



m
pp

io
m

od
A

P
I

�

m
p

p
_

io
_

in
it()

�

m
p

p
_

o
p

e
n

()

�

m
p

p
_

clo
se

()

�

m
p

p
_

re
a

d
()

�

m
p

p
_

re
a

d
_

m
e

ta
()

�

m
p

p
_

w
rite

()

�

m
p

p
_

w
rite

_
m

e
ta

()

12



U
ser

interface
to

parallel
I/O

typ
e

(d
o

m
a

in
2

D
)

::
d

o
m

a
in

typ
e

(a
xistyp

e
)

::
x,

y,
z,

t
typ

e
(fie

ld
typ

e
)

::
fie

ld
in

te
g

e
r

::
u

n
it

ch
a

ra
cte

r*(*)
::

file
re

a
l,

a
llo

ca
ta

b
le

::
f(:,:,:)

ca
ll

m
p

p
_

d
e

fin
e

_
d

o
m

a
in

s(
(/1

,n
i,1

,n
j/),

d
o

m
a

in
)

ca
ll

m
p

p
_

o
p

e
n

(
u

n
it,

file
,

a
ctio

n
=

M
P

P
_

W
R

O
N

L
Y

,
fo

rm
a

t=
M

P
P

_
IE

E
E

3
2

,
&

a
cce

ss=
M

P
P

_
S

E
Q

U
E

N
T

IA
L

,
th

re
a

d
in

g
=

M
P

P
_

S
IN

G
L

E
)

ca
ll

m
p

p
_

w
rite

_
m

e
ta

(
u

n
it,

x,
’X

’,
’km

’,
...

)
...
ca

ll
m

p
p

_
w

rite
_

m
e

ta
(

u
n

it,
fie

ld
,

(/x,y,z,t/),
’T

e
m

p
e

ra
tu

re
’,

’ke
lvin

’,
...

)
...
ca

ll
m

p
p

_
w

rite
(

u
n

it,
fie

ld
,

d
o

m
a

in
,

f,
tsta

m
p

)
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E
xc

hang
e

grid

A
tm

osphere
O

cean
E

xchange

�

E
ach

cellon
exchange

grid
“belongs”

to
one

cellon
each

parentgrid;

�

C
onservative

interpolation
up

to
second

order;

�

A
llcalls

exchange
localdata;

data-sharing
am

ong
processors

is
internalto

the
ex-

change
softw

are,and
non-blocking.

�

P
hysically

identicalgrids
(e.g

ocean
and

sea
ice)

exchange
data

w
ithout

interpola-
tion.

14



F
eatures

of
the

F
M

S
coupler

�

E
ncapsulated

boundary
state

and
boundary

fluxes.

�

S
ingle

location
for

initialization
and

linking
ofboundary

fields.

�

U
se

of
field

m
anager

to
organize

operations
on

individual
fields

and
field

bundles.

�

S
upportfor

serialand
concurrentcoupling

w
ithin

single
executable.

�

Im
plicit

coupling
betw

een
land-ocean

surface
and

atm
osphere

on
at-

m
ospheric

tim
estep;explicitcoupling

betw
een

ocean
surface

and
ocean

on
coupling

tim
estep.

15



c
o
u
p
l
e
r
_
m
a
i
n

slo
w

loop
d

o
n

c
=

1
,

n
u

m
_

cp
ld

_
ca

lls
ca

ll
g

e
n

e
ra

te
_

sfc_
xg

rid
(

L
a

n
d

,
Ice

)
ca

ll
flu

x_
o

ce
a

n
_

to
_

ice
(

O
ce

a
n

,
Ice

,
O

ce
a

n
_

ice
_

flu
x

)
ca

ll
u

p
d

a
te

_
ice

_
m

o
d

e
l_

sl
o

w
_u

p
(

O
ce

a
n

_
ice

_
flu

x,
Ice

)
!fa

st
lo

o
p

ca
ll

u
p

d
a

te
_

la
n

d
_

m
o

d
e

l_
s

lo
w

(L
a

n
d

)
ca

ll
flu

x_
la

n
d

_
to

_
ice

(
L

a
n

d
,

Ice
,

L
a

n
d

_
ice

_
flu

x
)

ca
ll

u
p

d
a

te
_

ice
_

m
o

d
e

l_
sl

o
w

_d
n

(
A

tm
o

s_
ice

_
flu

x,
L

a
n

d
_

ice
_

flu
x,

Ice
)

ca
ll

flu
x_

ice
_

to
_

o
ce

a
n

(
Ice

,
Ice

_
o

ce
a

n
_

flu
x

)
ca

ll
u

p
d

a
te

_
o

ce
a

n
_

m
o

d
e

l(
Ice

_
o

ce
a

n
_

flu
x,

O
ce

a
n

)
e

n
d

d
o

16



c
o
u
p
l
e
r
_
m
a
i
n

fast
loop

d
o

n
a

=
1

,
n

u
m

_
a

tm
o

s_
ca

lls
T

im
e

=
T

im
e

+
T

im
e

_
ste

p
_

a
tm

o
s

ca
ll

sfc_
b

o
u

n
d

a
ry_

la
ye

r(
A

tm
,

L
a

n
d

,
Ice

,
&

L
a

n
d

_
ice

_
a

tm
o

s_
flu

x
)

ca
ll

u
p

d
a

te
_

a
tm

o
s_

m
o

d
e

l_
d

o
w

n
(

L
a

n
d

_
ice

_
a

tm
o

s_
flu

x
,

A
tm

)
ca

ll
flu

x_
d

o
w

n
_

fro
m

_
a

tm
o

s(
T

im
e

,
A

tm
,

L
a

n
d

,
Ice

,
&

L
a

n
d

_
ice

_
a

tm
o

s_
flu

x
,

&
A

tm
o

s_
la

n
d

_
flu

x,
A

tm
o

s_
ice

_
flu

x
)

ca
ll

u
p

d
a

te
_

la
n

d
_

m
o

d
e

l_
f

a
st

(
A

tm
o

s_
la

n
d

_
flu

x,
L

a
n

d
)

ca
ll

u
p

d
a

te
_

ice
_

m
o

d
e

l_
fa

st(
A

tm
o

s_
ice

_
flu

x,
Ice

)
ca

ll
flu

x_
u

p
_

to
_

a
tm

o
s(

T
im

e
,

L
a

n
d

,
Ice

,
L

a
n

d
_

ice
_

a
tm

o
s_

fl
u

x
)

ca
ll

u
p

d
a

te
_

a
tm

o
s_

m
o

d
e

l_
u

p
(

L
a

n
d

_
ice

_
a

tm
o

s_
flu

x,
A

tm
)

e
n

d
d

o

17



E
xam

ple:
ocean

boundar
y

typ
e

o
ce

a
n

_
b

o
u

n
d

a
ry_

d
a

ta
_

ty
p

e
typ

e
(d

o
m

a
in

2
D

)
::

D
o

m
a

in
re

a
l,

p
o

in
te

r,
d

im
e

n
sio

n
(:,:)

::
t_

su
rf,

s_
su

rf,
se

a
_

le
v,

&
fra

zil,
u

_
su

rf,
v_

su
rf

lo
g

ica
l,

p
o

in
te

r,
d

im
e

n
sio

n
(:,:)

::
m

a
sk

typ
e

(tim
e

_
typ

e
)

::
T

im
e

,
T

im
e

_
ste

p
e

n
d

typ
e

o
ce

a
n

_
b

o
u

n
d

a
ry_

d
a

t
a

_
t

yp
e

typ
e

,
p

u
b

lic
::

ice
_

o
ce

a
n

_
b

o
u

n
d

a
ry_

typ
e

re
a

l,
d

im
e

n
sio

n
(:,:),

p
o

in
te

r
::

u
_

flu
x,

v_
flu

x,
t_

flu
x,

q
_

flu
x

re
a

l,
d

im
e

n
sio

n
(:,:),

p
o

in
te

r
::

sa
lt_

flu
x,

lw
_

flu
x,

sw
_

flu
x,

lp
re

c,
fp

re
c

re
a

l,
d

im
e

n
sio

n
(:,:),

p
o

in
te

r
::

ru
n

o
ff,

ca
lvin

g
re

a
l,

d
im

e
n

sio
n

(:,:),
p

o
in

te
r

::
p

re
a

l,
d

im
e

n
sio

n
(:,:,:),

p
o

in
te

r
::

d
a

ta
in

te
g

e
r

::
xtyp

e
!R

E
G

R
ID

,
R

E
D

IS
T

o
r

D
IR

E
C

T
e

n
d

typ
e

ice
_

o
ce

a
n

_
b

o
u

n
d

a
ry

_
ty

p
e
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F
lux

exc
hang

e
T

hree
types

offlux
exchange

are
perm

itted:
R

E
G

R
ID,

R
E

D
IS

T
and

D
IR

E
C

T.

R
E

G
R

ID
physically

distinctgrids,requires
exchange

grid.

R
E

D
IS

T
identicalglobalgrid,differentdom

ain
decom

position.

D
IR

E
C

T
identicalgrid

and
decom

position.

C
urrent

use:
R

E
G

R
ID

betw
een

atm
os�


ice,
atm

os�

land,

land�


ice,
R

E
D

IS
T

be-
tw

een
ocean�


ice.
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F
M

S
com

ponent
m

odels

�

A
tm

osphere:

–
B

G
R

ID
:

hydrostatic
finite

difference
m

odelon
a

staggered
A

rakaw
a

B
grid

and
hybrid����

verticalcoordinate
(W

ym
an);

–
S

P
E

C
T

R
A

L:hydrostatic
spectraltransform

m
odelalso

w
ith

the
hybrid����

ver-
ticalcoordinate

(H
eld,P

hillipps);

–
S

pectralshallow
w

ater,2D
energy

balance,data
m

odel,etc.

�

O
cean:

M
O

M
prim

itive
equation

ocean
clim

ate
m

odel
w

ith
generalized

horizontal
coordinates

and
vertical� -coordinate,

fullsuite
of

physics
options,

com
patible

w
ith

state-of-artadjointcom
piler

(P
acanow

ski,G
riffies,R

osati,H
arrison);

�

Ice:
S

ea
Ice

S
im

ulator
(S

IS
)

fullsea
ice

dynam
ics

w
ith

elastic-plastic-viscous
rheol-

ogy,N
-category

ice
thickness,3-layer

verticaltherm
odynam

ics
(W

inton);

�

Land:
Land

D
ynam

ics
m

odel(LaD
)

5
tem

perature
layers,

11
soil/vegetation

types,
stom

atalresistance,buckethydrology,river
routing

(M
illy);

20



F
itting

into
F

M
S

To
incorporate

your
ow

n
ocean

m
odel(say)

into
F

M
S

,you
have

to
provide

a
few

key
routines

(o
ce

a
n

_
m

o
d

e
l_

in
it,

u
p

d
a

te
_

o
ce

a
n

_
m

o
d

e
l

)
and

encapsulate
your

ocean
boundary

state
into

o
ce

a
n

_
b

o
u

n
d

a
ry_

typ
e

.

Ithelps
to

use
the

F
M

S
infrastructure

butnotessential.
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A
tm

ospheric
ph

ysics
options

R
adiation

diurnal
cycle,

radiative
effects

of
trace

gases;
S

im
plified

E
xchange

A
pproxi-

m
ation

(LW
),liquid/ice

cloud
radiative

properties
(S

W
);

C
on

vection
R

elaxed
A

rakaw
a-S

chubert,convective-stratiform
detrainm

ent;

C
louds

3
prognostic

tracers,prognostic
stratiform

clouds;

P
B

L
M

ellor-Yam
ada

2.5,M
onin-O

bukhov
sim

ilarity
theory;

G
ra

vity
w

a
ve

dra
g

P
ierrehum

bert-S
tern.
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T
he

F
M

S
user

interface

C
om

prehensive
w

ebsite
for

allinform
ation

and
docum

entation:
h

ttp
://w

w
w

.g
fd

l.n
o

a
a

.g
o

v/˜fm
s

�

S
ource

code
m

aintenance
underC

V
S

;brow
se

overthe
netusing

w
ebC

V
S

.

�

M
odelconfiguration,launching

and
regression

testing
encapsulated

in
X

M
L;

�

R
elationaldatabase

for
archived

m
odelresults;

�

S
tandard

and
custom

diagnostic
suites;
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C
urrent

G
F

D
L

activities
using

F
M

S

�

D
evelopm

enttow
ard

upcom
ing

IP
C

C
cycle;

�

D
evelopm

entofseasonal-interannualforecasting
capabilities;

�

M
esoscale

eddy-perm
itting

sim
ulations

ofthe
southern

ocean;

�

Incorporation
ofglobalbiogeochem

icalm
odels

into
coupled

m
odelfor

carbon
cycle

m
odeling.
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F
uture

developm
ents:

algorithm
s

and
m

odels

�

N
ew

atm
ospheric

physics
options

currently
under

testing:

–
D

onner
deep

convection
including

convective
updrafts

and
M

C
C

s,
convective

and
m

esoscale
dow

ndrafts;

–
B

retherton-G
renier

P
B

L;

–
H

eld-K
lein

very
stable

P
B

L;

–
E

nhances
convective

(A
lexander-D

unkerton)
and

m
ountain

gravity
w

ave
drag,

inclusion
ofstratosphere

in
m

odel.

�

LaD
m

odelarchitecture
to

perm
itm

odularsubsystem
s

forvegetation
and

soilhydrol-
ogy;incorporating

E
D

(ecosystem
dem

ography)and
V

IC
(V

ariable
Infiltration

C
apac-

ity)
m

odels
from

P
rinceton

for
dynam

ic
vegetation

and
hydrology

data
assim

ilation
capacities.

�

D
evelopm

entofnon-hydrostatic
atm

ospheric
m

odeloptions.
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F
uture

developm
ents:

pub
lic

release

A
staged

public
release

ofF
M

S
is

currently
underw

ay:

�

infrastructure
(M

arch
2002);

�

atm
ospheric

dynam
ical

cores
and

ocean
m

odel
(M

O
M

4)
code

(June
2003);

�

com
plete

m
odelconfigurations.
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F
uture

developm
ents:

F
M

S
and

com
m

unity

standards

�

F
M

S
authors

are
now

active
participants

in
the

design
ofthe

E
arth

S
ystem

s
M

odeling
Fram

ew
ork

(E
S

M
F

)
com

m
unity-w

ide
m

odeling
standard

and
fram

ew
ork,

for
w

hich
F

M
S

is
a

design
prototype.

E
S

M
F

is
currently

scheduled
for

public
release

betw
een

2003
and

2005.

�

B
utthis

is
notenough...
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U
pw

ard
evolution

of
standards

M
achine

layer

D
istributed

grid
layer

M
odellayer

C
oupler

layer

F
M

S
Infrastructure

U
ser

code

F
M

S
S

uperstructure

�

�

S
tandards

currently
sitin

the
m

achine
layer

(e.g
M

P
I,netC

D
F

).

In
F

M
S

and
E

S
M

F,the
distributed

grid
layer

is
partofan

open
architecture.

B
y

developing
an

open
standard

for
the

distributed
grid

layer,
w

e
perm

it
m

uch
greater

freedom
ofinnovation

in
softw

are
and

hardw
are

architectures
for

scalable
system

s.

T
he

“standard
benchm

arks”
(LIN

PA
C

K
,S

P
E

C
,etc)

do
notyetreflectthis

trend.
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T
he

F
M

S
infrastructure

dem
onstrates

that...

�

It
is

possible
to

w
rite

a
data-sharing

layer
spanning

flat
shared

m
em

ory,
distributed

m
em

ory,
ccN

U
M

A
,

cluster-of-S
M

P
s.

T
he

A
P

I
is

not
as

extensive
as,

say,
M

P
I,

but
has

been
designed

to
serve

the
clim

ate/w
eather

m
odeling

com
m

unity.

�

It
is

possible
to

w
rite

another
layer

that
expresses

these
operations

in
a

m
anner

naturalto
our

algorithm
s

(“halo
update”,“data

transpose”
instead

of“buffered
send”,

“thread
nesting”).

�

T
he

current
standardization

efforts
(E

S
M

F,
P

R
IS

M
)

departs
from

B
LA

S
,

M
P

I,
etc

in
that

they
are

explicitly
form

ulated
in

high-levellanguage
constructs

(classes,
m

od-
ules,types).

�

T
he

“standard
benchm

arks”
do

not
yet

stress
the

high-levellanguage
abstractions

used
by

this
com

m
unity.

T
he

H
P

C
industry

and
the

standards
bodies

m
ust

be
ac-

tively
involved

in
this

effort.
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T
he

jaw
s

of
code

com
ple

xity

co
m

m
o

n
a

(n
i,n

j,n
k);

d
o

load
a

to
vreg

� � � � � � � � � � � � � � ���

��������������� �

e
rro

r
=

a
tm

o
s()

m
ultithreaded

speculative
prefetch
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