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LONG-TERM GOALS

Use the HYbrid Coordinate Ocean Model (HY COM) with tides, dynamic sea ice, and data assimilation
in an eddy-resolving, fully global ocean prediction system with 1/25° horizontal resolution that will
run in real time at the Naval Oceanographic Office (NAVOCEANO) starting in FY 13. The model will
include shallow water and provide boundary conditions to finer resolution coastal models that may use
HYCOM or a different model.

OBJECTIVES

To develop, evaluate, and investigate the dynamics of 1/25° global HY COM (HYbrid Coordinate
Ocean Model) with tides coupled to CICE (Los Alamos Community Ice CodE) with atmospheric
forcing only, with data assimilation via NCODA (NRL Coupled Ocean Data Assimilation), and in
forecast mode. Also to incorporate advances in dynamics and physics from the science community
into the HYCOM established and maintained within the Navy.

APPROACH

Traditional ocean models use a single coordinate type to represent the vertical, but no single approach
is optimal for the global ocean. Isopycnal (density tracking) layers are best in the deep stratified
ocean, pressure levels (nearly fixed depths) provide high vertical resolution in the mixed layer, and c-
levels (terrain-following) are often the best choice in coastal regions. The generalized vertical
coordinate in HYCOM allows a combination of all three types (and others), and it dynamically chooses
the optimal distribution at every time step via the layered continuity equation. HYCOM use a C-grid,
has scalable, portable computer codes that run efficiently on available DoD High Performance
Computing (HPC) platforms, and has a data assimilation capability.

Global HYCOM with 1/12° horizontal resolution at the equator (~7 km at mid-latitudes) is the ocean
model component of the Global Ocean Forecast System (GOFS) 3.0 which is currently running in real
time and which has passed its OPTEST on the Cray XT5 at the Naval Oceanographic Office
(NAVOCEANO). It provides nowcasts and forecasts of the three dimensional global ocean
environment. See http://www7320.nrlssc.navy.mil/GLBhycom1-12/skill.html for movies, snapshots
and comparisons to observations and http://www.hycom.org for model fields. The other major



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
2012 N/A -
4. TITLEAND SUBTITLE 5a. CONTRACT NUMBER

Eddy Resolving Global Ocean Prediction including Tides £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

NRL Code 7323 Stennis Space Center, M S 39529-5004 REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES

The original document contains color images.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17.LIMITATION OF | 18 NUMBER | 19a NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE SAR 10
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



component of GOFS 3.0 is the NRL Coupled Ocean Data Assimilation (NCODA) which is a
multivariate optimal interpolation scheme that assimilates surface observations from satellites,
including altimeter and Multi-Channel Sea Surface Temperature (MCSST) data, sea ice concentration
and also profile data such as XBTs (expendable bathythermographs), CTDs (conductivity temperature
depth) and ARGO floats (Cummings, 2005). By combining these observations via data assimilation
and using the dynamical interpolation skill of the model, the three dimensional ocean state can be
accurately nowcast and forecast.

HYCOM has been coupled to the Los Alamos Community Ice CodE (CICE) (Hunke and Lipscomb,
2004) via the Earth System Modeling Framework (ESMF) (Hill et al., 2004). Coupling between the
ocean and sea ice models more properly accounts for the momentum, heat and salt fluxes at the
ocean/ice interface. GOFS 3.1, developed under this project, will include HY COM coupled to CICE at
1/12° horizontal resolution and NCODA 3DVAR, rather than the MVOI used in GOFS 3.0.

The principal goal of this project is to perform the necessary R&D to prepare to provide a next-
generation ocean nowcast/forecast system with real time depiction of the three-dimensional global
ocean state at fine resolution (1/25° on the equator, 3.5 km at mid-latitudes, and 2 km in the Arctic). A
major sub-goal of this effort is to test new capabilities in the existing 1/12° global HY COM
nowcast/forecast system and to transition some of these capabilities to NAVOCEANO in the 1/12°
system, and others in the 1/25° global system. The new capabilities support (1) increased nowcast and
forecast skill, the latter out to 30 days in many deep water regions, including regions of high Navy
interest such as the Western Pacific and the Arabian Sea/Gulf of Oman, (2) boundary conditions for
coastal models in very shallow, and (3) external and internal tides, the latter will initially be tested at
1/12°, to minimize computational cost, but will transition to NAVOCEANO only in the 1/25° system
because at this resolution it will replace regional models with tides (all these will greatly benefit from
the increase to 1/25° resolution). In addition to the NRL core tasking covered here, this effort will
collaborate with a core team of similar size at FSU COAPS, with other parties interested in HY COM
development, and ONR field programs to test and validate the model in different regions and different
regimes. Demonstrated advancements in HY COM numerics and physics from all sources will be
incorporated through this project.

WORK COMPLETED

The first 1/25° global HY COM simulations (3.5 km resolution at mid-latitudes) were run three years
ago with climatological 6-hourly atmospheric forcing. Two years ago we extended the simulation for
2003-2010 with 3-hourly NOGAPS atmospheric forcing, but still without data assimilation.

We ran the very first eddy resolving (1/12°) 3-D global ocean simulation with standard atmospheric
forcing and tides in FY08 (Arbic et. al., 2010). Two years ago we performed a second multi-year
simulation with an improved bottom tidal drag field, which was an exact twin of the 2003-2010
NOGAPS forced case mentioned above. Last year, and continuing this year, the results of these new
simulations were extensively analyzed and were the subject of multiple papers.

Last year we made several improvements to how we handle tides: (a) a new bottom drag field based on
bottom roughness from the 30" GEBCO_08 bathymetry, (b) a 48-hour filter on near-bottom currents,
for tidal bottom drag, that stops all semi-diurnal tides but passes 70% of diurnal tides, and (c) a
spatially varying “scalar” approximation to self-attraction and loading. In addition new 1/12° and
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1/25° bathymetries were produced, also based on 30" GEBCO_08. With these improvements in hand,
last year we started our 31 global 1/12° simulation with NOGAPS and tides and the very first such
global simulation at 1/25°. These were completed this year. In addition we have run a global 1/12°
simulation with HY COM coupled to the Los Alamos Community Ice CodE (CICE) via the Earth
System Modeling Framework (ESMF) with NOGAPS and tides.

This year we have started running 1/25° global HY COM with NCODA data assimilation. So far it has
completed May 2010 to December 2011 and we expect to run it routinely every day in real time
starting early in FY13.

The Arctic Cap Nowcast/Forecast System (ACNFS) consists of the subset of our tri-pole 1/12° global
HYCOM domain that is north of 40°N (3.5 km resolution near the North Pole, 6.5 km at 40°N)
coupled to CICE via tESMF with NCODA 3DV AR data assimilation of ocean state and sea ice
concentration. It has run in hindcast mode from July 2007 and in real time since June 2010. It has
passed its OPTEST on the IBM POWER6 at NAVOCEANO. For movies, snapshots and
comparisons to the NIC frontal analysis, see http://www7320.nrlssc.navy.mil/hycomARC.

RESULTS

The FY'12 ONR report by our collaborator Brain Arbic includes results from this past year obtained by
Shriver and Richman at NRL under this project, and by Timko and Joseph Ansong, Arbic’s postdocs.
These results will not be repeated here. However, one additional aspect of Jim Richman's work on the
wavenumber spectrum, why altimeter wavenumber spectra disagree with QG and SQG theory, is
discussed below.

For QG and SQG turbulence, the shape of the spectra is determined by the energy and enstrophy
cascades. QG theory assumes baroclinic energy is input into the ocean at large- and meso-scales and
cascades towards the Rossby radius, where the baroclinic flow is transferred to the barotropic mode
and an inverse cascade of energy to large scales occurs. Enstrophy cascades to small scales. For QG
turbulence, while the KE and SSH spectra decrease steeply with wavenumber as k™ and k™,
respectively, the enstrophy spectrum is much flatter varying as k. For SQG turbulence, the KE and
SSH spectra decrease less steeply with wavenumber as k™ Band k7, respectively, and the enstrophy
spectrum increases slightly with wavenumber. The enstrophy spectra in the low EKE regions of the
Pacific (Fig. 2b, d, and f) all exhibit relatively flat spectra falling between the expectation of the QG
and SQG theory. The isotropic, geostrophic enstrophy spectral estimates obtained from the KE and
SSH spectra are similar to the spectra obtained from the low passed vorticity. The isotropic estimates
are small at low wavenumbers with a weak maximum before a steep decrease with increasing
wavenumber. The isotropic enstrophy spectral peak shifts to short wavelengths with decreasing EKE.

The altimeter SSH wavenumber spectral slopes differ substantially from the model spectral slopes and
the predictions of QG and SQG turbulence theory for most of the Pacific Ocean (Fig 1). There are a
number of possible reasons for the differences. Internal waves have a flat wavenumber spectrum
which when combined with the low-frequency SSH or velocity leads to a flattening of the spectral
slopes over the fixed mesoscale band. The degree of flattening depends upon the relative strength of
the high-frequency internal wave to QG motion. In addition, the difference between the model and
altimeter spectral slope maps may be an artifact of the estimation over a fixed mesoscale band, which
does not account for changes in the Rossby radius with latitude.
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Figure 1. Slope of the along track satellite altimeter SSH wavenumber spectrum in the North
Pacific for a 70-250 km band, adapted from (Xu and Fu, 2012). All slopes multiplied by -1 to make
them positive. Slopes flatter than -11/3 (colors cooler than the enhanced dark contour) represent
regions inconsistent with QG or SQG theory.

The model spectra decay rapidly with increasing wavenumber, while the altimeter spectra are flat at
high wavenumber (black line in Figure 2c). The flat high wavenumber tail of the altimeter spectrum
may represent the noise floor for the altimeter. Adding white noise equivalent to the altimeter noise
floor to the model SSH yields a spectrum which is very similar to the observed altimeter SSH. In the
high EKE regions, the energy in the mesoscale band is much greater than the noise floor and the
spectral slope lies between the prediction of QG and SQG turbulence theory, while the noise flattens
the spectral slope in lower EKE regions. Thus, the difference between the model and altimeter spectral
slope estimates may have both dynamical causes due to internal waves and the characteristics of the
energy and enstrophy cascades as well as instrumental causes.

When the wavenumber spectra of SSH and KE are estimated near the generating regions of internal
tides, the resulting spectra are much flatter than the expectations of QG or SQG theory. This shows
that in locations of energetic internal tides, the slope of the SSH or KE wavenumber spectrum in the
mesoscale band cannot be used to infer the ocean dynamics unless the internal tides are accurately
removed. For the HYCOM simulations with embedded tides, we can use the frequent (one-hour)
sampling to separate high- and low-frequency motions more cleanly than is possible in altimeter data.
If the height and velocity variability are separated into low frequency (periods greater than 36 hours)
and high frequency (periods less than a day), then a different pattern emerges with a flat wavenumber
spectrum at high frequency and a steeper wavenumber spectrum at low frequency. Away from
generating regions where the internal waves are weaker than the QG flow, then the high frequency
motions have little impact on the wavenumber spectrum. The global pattern of the slope of the
mesoscale wavenumber spectrum, while showing regions of small, flatter slopes, does not agree
quantitatively with the recent results of [5, 6] for the along track SSH wavenumber spectrum, which
show very flat slopes away from regions of energetic eddies. Low passing the SSH and velocity yields
spectra which lie between the expected slopes for Quasi-Geostrophic (QG) turbulence and Surface

4



Quasi-Geostrophic (SQG) turbulence. Even after removing the internal wave signal from the SSH and
velocity, the spectral slopes can be flatter than either the QG or SQG predicted slope when estimated
using a fixed mesoscale band. Altimeter noise affects the slope in the quieter mesoscale regions,
which may explain differences between the model and altimeter spectra in some regions, for instance
the tropics.
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Figure 2. Maps of the least squares estimate of the slope of the HYCOM SSH wavenumber
spectrum in the North Pacific, computed over a 70-250 km band. Slopes are computed from spectra
of (1) total SSH and (2) low frequency SSH. Wavenumber spectra of sea surface height and
enstrophy in three interior Pacific, lower EKE regions identified by the circles on the slope map, (a,
b) Region north of Hawai'i (25°N, 210°E), (c, d) Northeast Pacific region (35°N, 230°E), and (e, f)
Southeast Pacific region (35°S, 265°E). The spectra of total SSH (black), low frequency SSH
(blue), and high frequency SSH (red) are shown in the left hand panels. The enstrophy spectra
from the low frequency vorticity (black), the isotropic vorticity estimated from the low frequency
kinetic energy (blue) and the isotropic vorticity estimated from the low frequency SSH (red) are
shown in the right hand panels. Notice the shift in the enstrophy towards shorter wavelength as the
EKE level decreases from top to bottom.

Experiments have begun to use the existing data assimilation scheme (NCODA, Cummings, 2005)
with the new concurrent circulation and tide model. The results are encouraging as seen in Figure 3.
In the upper left panel (Figure 3a), steric sea surface height (SSH) variance for a single day is shown
for the model with tides. The hot spots of internal wave generations are clearly visible. In the upper
right panel (Figure 3b), the steric SSH variance is shown for the model without tides, but assimilating



data using the mesoscale covariances in NCODA applied to a daily averaged model background state.
In this figure, high frequency variability is generated by baroclinic adjustment of the mesoscale eddies
and meanders of strong ocean currents. The strength of the adjustment internal waves is similar to the
strength of the internal tides, but the adjustment waves are strongest near the western boundary
currents instead of the topographic hot spot generation sites. In the lower left panel (Figure 3c), the
steric SSH variance for the model with tides and assimilation of mesoscale eddies via NCODA is
shown. The SSH variance is larger than either the tide only model or assimilation only, with large
variance at both the topographic hot spots and western boundary currents. In the lower right panel
(Figure 3d), the difference in the SSH variance for the model with tides and assimilation and the sum
of the variances from the tide only and data assimilation only models. The difference variance is lower
than the variances of the individual models. The hot spots of tidal generation are not found in the
difference plot suggesting that data assimilation of the mesoscale eddies is not affecting the tidal
solution.
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Figure 3. The steric sea surface variance for three model simulations, HY COM with tides (a),
HYCOM with data assimilation of mesoscale eddies using NCODA and HYCOM with tides and data
assimilation (c). The lower left panel (d) shows the difference between HYCOM with tides and
assimilation and the sum of the variances of HYCOM with tides only and HYCOM with
assimilation only (c — (a+b)).

IMPACT/APPLICATIONS

The 1/25° (3.5 km mid-latitude) resolution is the highest so far for a global ocean model with high
vertical resolution. A global ocean prediction system, based on 1/25° global HY COM with tides, is
planned to run in real-time starting in FY 13 although initially without tides. At this resolution, a global
ocean prediction system can directly provide boundary conditions to nested relocatable models with ~1
km resolution anywhere in the world, a goal for operational ocean prediction at NAVOCEANO.
Internal tides and other internal waves can have a large impact on acoustic propagation and



transmission loss (Chin-Bing et al., 2003, Warn-Varnas et al., 2003, 2007), which in turn significantly
impacts Navy anti-submarine warfare and surveillance capabilities. At present, regional and coastal
models often include tidal forcing but internal tides are not included in their open boundary conditions.
By including tidal forcing and assimilation in a fully 3-D global ocean model we will provide an
internal tide capability everywhere, and allow nested models to include internal tides at their open
boundaries.

TRANSITIONS

Both the Global Ocean Forecast System (GOFS) 3.0 and the Arctic Cap Nowcast/Forecast System
(ACNFS) have passed OPTEST at NAVOCEANO and will become operational on their new IBM
iDataPlex systems once they are available early in FY13.

RELATED PROJECTS

There are two related ONR funded projects, one at FSU COAPS under Eric Chassignet and the other at
U. Michigan under Brian Arbic. Partnering projects at NRL include 6.1 Ageostrophic Vorticity
Dynamics of the Ocean and its Impact on Frontogenesis, 6.1 Determining the Impact of Sea Ice
Thickness on the Arctic's Naturally Changing Environment (DISTANCE), 6.2 Full Column Mixing for
Numerical Ocean Models, 6.3 Ocean Reanalysis, 6.4 Large Scale Ocean Modeling, 6.4 Ocean Data
Assimilation, and 6.4 Ice Modeling Assimilation from Satellites. The computational effort is strongly
supported by DoD HPC Challenge and NRL non-challenge grants of computer time. In FY12 some
1/25° and some 1/12° global HYCOM cases ran under a 6 months extension to a FY09-11 DoD HPC
Challenge grant.
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