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REFLECTING the organization's growing re- 
sponsibilities and capabilities in oceanography, 
ocean modeling, and coupled air-sea modeling, 
Fleet Numerical Weather Central, Monterey, was 
redesignated as the Fleet Numerical Oceanogra- 
phy Center (FNOC) in 1979. In addition to being 
a world-class global weather prediction center, 
FNOC is now widely regarded as the leading 
source of operational oceanographic information 
in the world. Indeed, it is this emphasis on ocean- 
ography that distinguishes FNOC from all other 
operational weather prediction centers. No other 
center has FNOC's  responsibility for predicting 
the global environment from the top of the strato- 
sphere to the bottom of the ocean, and no other 
center has as complete an air-sea data base. 

FNOC operates around the clock, 365 days a 
year, providing services to United States and allied 
naval forces, other components of the Department 
of  Defense, and a broad spectrum of civilian in- 
terests. The center operates a sophisticated suite 
of  numerical oceanographic and atmospheric 
models and satellite processing software in a multi- 
mainframe supercomputer environment. Prod- 
ucts are distributed to users around the world, 
both ashore and afloat, through a variety of  com- 
munications networks. 

In general, accurate representation of oceanic 
physics, data assimilation, and coupling with at- 
mospheric models via air-sea heat and momen-  
tum fluxes are major issues associated with the 
ocean models in use at FNOC. Research and de- 
velopment (R&D) support for these models is co- 
ordinated through the Navy Ocean Modeling and 
Prediction (NOMP) program. The supporting 
R&D is performed mainly by the Oceans and At- 
mosphere Directorate of the Naval Research Lab- 
oratory (NRL). A formal and highly structured 
process exists for making the transition of models 
from R&D at NRL into operations at FNOC. 

R. M. Clancy, Ocean Models Division, Fleet Numerical 
Oceanography Center, Monterey, CA 93943, USA. 

~ O C ' s  emphasis on treating the global at- 
mosphere and ocean as a coupled system makes 
its operational models and data bases important 
national resources for monitoring and studying 
climate and global change. Largely because of this, 
the National Oceanic and Atmospheric Admin- 
istration (NOAA) established the Center for Ocean 
Analysis and Prediction (COAP) in collocation 
with FNOC in 1988. COAP facilitates civilian ac- 
cess to FNOC air-sea products and fosters their 
use in a wide range of research applications. 

Operational Use of Ocean Models 
More than a dozen ocean model systems run 

operationally at FNOC (Clancy, 1987; Clancy and 
Sadler, 1992). Some run on global grids with rel- 
atively coarse spatial resolution, and others func- 
tion on limited-area grids with fine-scale spatial 
resolution applied in geographical areas of partic- 
ular Navy interest. All of the ocean models are 
fully automated and operated on a fixed schedule, 
with most run once per day. The hardware, soft- 
ware, data base, communications, and manpower 
infrastructure necessary to support operation of 
these models overlaps substantially and naturally 
with that required to support the weather predic- 
tion models in use at the center. 

The FNOC ocean models fall into three general 
categories: thermal structure and circulation, sea 
ice, and sea state. The thermal-structure and cir- 
culation models depict ocean fronts and eddies 
and provide input to acoustic models, which pre- 
dict the performance of the Navy's acoustic sen- 
sors. In addition, they provide the sea-surface 
temperature (SST) boundary condition for at- 
mospheric models, and predict surface currents 
in support of ocean search and rescue and opti- 
mum-track ship routing. The sea-ice models pre- 
dict ice thickness, concentration, and drift in sup- 
port of  the Navy's arctic operations. Finally, the 
sea-state models predict directional wave-energy 
spectra, from which wave height, period and di- 
rection fields are derived in support of  ship routing 
and a variety of other activities. 
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Emphasis is placed on using the ocean models 
to convert well-observed surface oceanographic 
or atmospheric information into an accurate rep- 
resentation of oceanographic fields for which ob- 
servations are sparse or nonexistent. For example, 
the surface positions of fronts and eddies observed 
by satellites are used to map subsurface salinity 
and thermal structure via synthetic data and 
ocean-feature models in the Optimum Thermal 
Interpolation System Version 3.0 (OTIS 3.0) 
analysis (Cummings and Ignaszewski, 1991). Sur- 
face wind stresses and heat fluxes provided by 
FNOC atmospheric models are used to predict 
mixed-layer depth and surface currents via the 
vertical mixing parameterizations in the Ther- 
modynamic Ocean Prediction System (TOPS) 
model (Clancy and Pollak, 1983). This atmo- 
spheric forcing is also used to predict ice thickness 
and drift via the dynamics and thermodynamics 
in the Polar Ice Prediction System (PIPS) model 
(Preller and Posey, 1989). Finally, surface winds 
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Fig. 1: Temperature at O, 400, and 1,000 m depth in the Gulf Stream region 
from Version 3.0 of the Optimum Thermal Interpolation System (OTIS) 
model on 26 July 1991. The contour interval is 1 o C, and the color bar indicates 
temperature ranges in °C. 

and wind stresses from the atmospheric models 
are used to predict directional wave-energy spectra 
via the wave physics in the Global Spectral Ocean 
Wave Model (GSOWM) (Clancy et al., 1986) 
and the third-generation wave model (WAM) 
(WAMDI Group, 1988). Thus, the models aug- 
ment the extremely sparse in situ oceanographic 
data in a substantial way by inferring oceano- 
graphic information from other sources. Through 
these sophisticated processes, the models are able 
to provide a much more accurate and complete 
representation of the ocean than could be obtained 
from either oceanographic climatology alone, real- 
time oceanographic data alone, or a simple com- 
bination of the two. 

Example Output 
The OTIS 3.0 ocean thermal model (Cum- 

mings and Ignaszewski, 1991; Clancy et al., 1991) 
generates synthetic subsurface data from the sur- 
face positions of fronts and eddies observed in 
satellite imagery and a water-mass-based repre- 
sentation of historical bathythermograph data. 
Used in conjunction with "ocean-feature models," 
which describe the transition between water 
masses across frontal boundaries, and the opti- 
mum-interpolation data-assimilation technique, 
these synthetic data allow OTIS 3.0 to produce a 
rather accurate three-dimensional analysis of the 
ocean mesoscale. An example is presented in Fig- 
ure 1, which shows the temperature at 0, 400, and 
1,000 m produced by OTIS 3.0 in the Gulf Stream 
region on 26 July 1991. The subsurface represen- 
tation of the Gulf  Stream front and associated ed- 
dies evident in the figure could not be derived 
from available in situ data. It is a direct result of 
the model's translation of surface information 
(satellite-observed surface positions of features) 
into subsurface information (synthetic subsurface 
data). Note that several of the features in Figure 
1 exhibit stronger horizontal temperature gra- 
dients at depth than at the surface, which is char- 
acteristic of summertime conditions in this region. 

The PIPS sea-ice model (Preller and Posey, 
1989; Preller, 1992, this issue) is based on the for- 
mulation of Hibler (1979) and contains a sophis- 
ticated treatment of ice dynamics and thermo- 
dynamics• Ice thickness and drift from the basin- 
scale PIPS model for 1 March 1990 are shown in 
Figure 2. Vigorous cyclonic ice drift, driven by a 
strong atmospheric low-pressure system, is present 
in the eastern arctic, while the central and western 
arctic are relatively quiescent• The model predicts 
the thickest ice along the Canadian Archipelago, 
with relatively thin ice along the ice edge and in 
the Kara and Barents Seas. The detached circular 
region of thin ice offthe northeast coast of Green- 
land is the seasonally recurring "Odden" feature 
(Vinje, 1983), which reflects the circulation in the 
Greenland Sea Gyre. 
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The GSOWM sea-state model (Clancy et aL, 
1986) is based on the linear "first-generation" 
wave physics of  Pierson (1982). An example of 
GSOWM output is shown in Figure 3, which de- 
picts a directional wave-energy spectrum predicted 
by the model at a point in the northwest Atlantic 
during the Labrador Extreme Waves Experiment 
(LEWEX). This bimodal spectrum reflects prop- 
agation of  swell from the northwest and windsea 
from the east. The swell energy is dying while the 
sea energy is growing in response to a 17 m s -~ 
easterly wind. The height, period, and direction 
derived from the model spectrum are 4.4 m, 10 
s, and 86 ° for the sea and 2.5 m, 11 s, and 334 ° 
for the swell. The significant wave height derived 
from the model spectrum is 5.0 m. 

Model Validation 
A model undergoes a formal and sometimes 

lengthy Operational Test (OPTEST) before it is 
accepted for operational use. The primary purpose 
of the test is to demonstrate that the model runs 
reliably in the operational jobstream and produces 
a useful product from operationally available data 
inputs. Generally a model under OPTEST is in- 
tended to replace an existing operational model, 
and in these cases it also must be demonstrated 
that products from the new model are an im- 
provement over those provided by the old model. 

A wide variety of data are used for validation. 
For example, the ocean thermal and circulation 
models are validated with bathythermograph, sat- 
ellite Multi-Channel Sea Surface Temperature 
(MCSST) and ship data (Clancy et al., 1990, 1992), 
and drifting buoy data (deWitt et al., 1989). The 
sea-ice models are validated with drifting buoy data, 
submarine ice-thickness data, and analyses of ice 
concentration and drift derived from satellite data 
(Preller and Posey, 1989; Fett, 1990; Emery et al., 
1991). The sea-state models are validated with 
buoy, ship, and satellite altimetry data (Clancy et 
al., 1986; Pickett etal., 1986; Rao, 1989; Wittmann 
and Clancy, 1991a,b). 

An example of  ocean-thermal-model validation 
is shown in Figure 4. This figure shows a 2-month 
time series of root-mean-square (rms) errors for 
the FNOC regional SST field in the western North 
Atlantic. It is based on comparison of approxi- 
mately four to six bathythermograph observations 
made in the region each day with the previous 
day's analyzed SST field (thus, the SST validated 
on each day is independent of the validation data). 
During the first 29 days of the period (red curve), 
the SST field was produced by the OTIS 2.0 
model, and the rms error averaged about 2.2°C. 
The more advanced OTIS 3.0 model (Cummings 
and Ignaszewski, 1991) was implemented on 30 
August 1990, and the resulting rms errors (blue 
curve) reflect this improvement, averaging only 
about I°C during the last 30 days of the record. 
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Fig. 2: Ice thickness (color) and ice drift (vectors) from the Polar Ice Prediction 
System (PIPS) model on I March 1990. The color bar indicates ice thickness 
ranges in meters, and the reference vector at the lower right corner defines 
ice drift of  O.5 m s -1. 
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Fig. 3: Directional wave energy spectrum from the 
Global Spectral Ocean Wave Model (GSOWM) 
for 50.O°N, 47.5°W at 1200 GAIT, 13 March 
1987. Azimuth indicates the direction from which 
wave energy is coming and radius gives the wave 
period in seconds. The color bar indicates wave 
energy ranges in fie s-l. 
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Fig. 4: Time series of  root-mean-square errors for the Fleet Numerical 
Oceanography Center (FNOC) regional sea-surface temperature field in the 
western North Atlantic (26-46°N, 50-80 ° W) from 1 August through 30 Sep- 
tember 1990 based on comparison of daily model-analyzed fields with un- 
assimilated bathythermograph data. Errors for Versions 2.0 and 3.0 of the 
OTIS model are shown in red and blue, respectively. The least-squares 
regression lines through the two error curves are shown as dotted black lines. 
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Parallel runs of  OTIS 2.0 and 3.0 using exactly 
the same data inputs for an earlier time period 
also confirm the improvement provided by the 
new model (Clancy el al., 1991). 

Summary and Outlook 
FNOC has provided real-time oceanographic 

products to the US Navy for over 25 years and 
currently operates many numerical ocean models. 
These models are fully automated, operated on a 
fixed schedule, and characterized by close, and in 
some cases weakly two-way interactive, coupling 
with atmospheric models. 

Most of the ocean models at FNOC run on a 
Cyber 205 computer, which is currently at full 
saturation and beyond the end of its planned life 
cycle. A Cray Y-MP C90 supercomputer will be 
installed at FNOC in 1992 to replace the Cyber 
205. The speed and memory afforded by this new 
machine will allow major advances in the center's 
ocean prediction capabilities. Specifically, the 
OTIS thermal-analysis model, the TOPS mixed- 
layer model, and ocean-circulation models under 
development through the NOMP Program will 
be fully coupled with one another and run on 
eddy-resolving grids with basin-scale and, even- 
tually, global-scale coverage. Assimilation of sea- 
surface-height data from satellite altimeters will 
then become a key issue in the resulting global 
eddy-resolving ocean-prediction system (Hurl- 
burt, 1984). The spatial resolution of the basin- 
scale PIPS ice model will be increased to allow 
accommodation of mesoscale wind patterns, and 

it will be coupled with an underlying ocean-cir- 
culation model to achieve a better representation 
of ocean currents and ice-ocean heat fluxes in the 
arctic. The WAM wave model will be imple- 
mented to achieve global application of  its ad- 
vanced third-generation physics at a spatial res- 
olution of 1 ° latitude by 1 ° longitude or finer. 
Higher-resolution regional versions of WAM will 
be coupled with surface currents provided by the 
ocean thermal-structure and circulation models 
to account for wave-current interactions, often 
important in damaging wave events. In addition, 
techniques will be implemented to assimilate syn- 
optic wave data from a variety of sources directly 
into WAM. 

By the late 1990s, the ocean thermal, sea-ice, 
and wave models will be merged into the global 
atmospheric model at FNOC to produce a soft- 
ware-integrated, fully coupled, and two-way in- 
teractive air-sea model. By coupling the ocean and 
atmospheric models in this manner, exchange of 
boundary-condition information between the 
models at every time step and joint air-sea data 
assimilation will be possible, leading to a more 
accurate representation of air-sea heat and mo- 
mentum fluxes. This will improve modeling of 
conditions near and on either side of the air-sea 
interface (where the majority of critical Naval op- 
erations occur) and contribute to the extension of 
numerical atmospheric and oceanographic fore- 
cast skill. 

The resulting real-time air-sea products from 
FNOC will provide both direct and indirect sup- 
port of  the third-generation Tactical Environ- 
mental Support System [TESS (3)], which will be 
deployed on the Navy's major combatants and at 
selected shore sites in the early 1990s. These 
products, highly compacted for efficient com- 
munication (Garthner et al., 1991), will supply 
first-guess fields, initial conditions, boundary 
conditions, and synthetic data for local-scale 
models run on TESS (3). By complementing its 
global-scale and regional-scale mainframe-class 
models at FNOC with local-scale workstation- 
class models on TESS, the Navy will achieve an 
accurate, responsive, and survivable configuration 
for its overall environmental prediction support 
system. 

Although FNOC's primary responsibility is to 
support Naval operations, its oceanographic 
products can contribute to the fulfillment of 
broader national requirements (National Research 
Council, 1989). For example, as a global opera- 
tional air-sea prediction center, FNOC carries out 
global environmental monitoring on a routine 
daily basis. The advances in ocean modeling dis- 
cussed above will enhance further this global 
monitoring capability by providing an improved 
framework for assimilating and interpreting global 
oceanographic data. In particular, the ocean 
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m o d e l s  e x p e c t e d  to  b e  o p e r a t i o n a l  a t  F N O C  in 
t h e  m i d -  to  la te  1990s will p r o v i d e  t he  m e a n s  to  

a s s i m i l a t e  sa te l l i te  a l t i m e t r y  d a t a  i n t o  a c o m p l e t e  
d e p i c t i o n  o f  t h e  o c e a n  mesosca le ,  w h i c h  m a y  b e  
a n  i m p o r t a n t  c o n t r i b u t o r  to  t h e  g lobal  h e a t  ba l -  

ance .  
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