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ABSTRACT

A new ocean data assimilation and initialization procedure is presented. It was developed to obtain more
realistic initial ocean conditions, including the position and structure of the Gulf Stream (GS) and Loop
Current (LC), in the Geophysical Fluid Dynamics Laboratory/University of Rhode Island (GFDL/URI)
coupled hurricane prediction system used operationally at the National Centers for Environmental Predic-
tion. This procedure is based on a feature-modeling approach that allows a realistic simulation of the
cross-frontal temperature, salinity, and velocity of oceanic fronts. While previous feature models used
analytical formulas to represent frontal structures, the new procedure uses the innovative method of
cross-frontal “sharpening” of the background temperature and salinity fields. The sharpening is guided by
observed cross sections obtained in specialized field experiments in the GS. The ocean currents are spun up
by integrating the ocean model for 2 days, which was sufficient for the velocity fields to adjust to the strong
gradients of temperature and salinity in the main thermocline in the GS and LC. A new feature-modeling
approach was also developed for the initialization of a multicurrent system in the Caribbean Sea, which
provides the LC source. The initialization procedure is demonstrated for coupled model forecasts of
Hurricane Isidore (2002).

1. Introduction

Recent studies show that the intensity of tropical cy-
clones is largely controlled by the thermodynamic prop-
erties of the atmosphere and upper ocean along the
storm track (Emanuel 1999; Bender and Ginis 2000;
Bao et al. 2000). In 2001, the Geophysical Fluid Dy-
namics Laboratory/University of Rhode Island (GFDL/
URI) coupled hurricane–ocean model was imple-
mented operationally at the National Centers for En-
vironmental Prediction (NCEP) for all tropical storms
in the Gulf of Mexico and Atlantic basins. The experi-

ence with the GFDL/URI coupled model emphasized
the importance of proper initialization of the coupled
modeling system. It is well known that successful fore-
casts of the structure and movement of tropical cy-
clones using an atmospheric model alone are strongly
dependent on good initialization. In a coupled model,
the ocean initialization is equally important, because
SST response is very sensitive to the upper ocean struc-
ture. Therefore, an accurate prediction of tropical cy-
clones requires proper initialization of both the atmo-
spheric and oceanic components of the modeling sys-
tem, as well as accurate measurements of the ocean
ahead of the storm and skillful assimilation of the ocean
data into the ocean model.

The purpose of this paper is to describe the new
ocean data assimilation and initialization procedure de-
veloped for the GFDL/URI coupled hurricane predic-
tion system. The new procedure is designed to obtain
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more realistic initial ocean fields, including the position
and 3D structure of the major fronts in the Atlantic
basin: the Gulf Stream (GS) and Loop Current (LC).
These fronts are important for hurricane forecasting, as
they may influence the SST response in the coupled
model and thus the track and intensity of hurricanes.
The ocean data assimilation and initialization proce-
dure in the 2001 operational GFDL/URI coupled
model is described in Bender and Ginis (2000). Some
additional modifications were made in 2002 and will be
referred to hereafter as OP02. The initial currents in
OP02, including GS and LC, were generated by a
model spinup using the General Digital Environmental
Model (GDEM) monthly temperature and salinity cli-
matology and specified inflow/outflow boundary condi-
tions. The Atlantic basin was divided into three regions:
the Gulf of Mexico, western Atlantic, and eastern At-
lantic. This resulted in an occasional loss of ocean cou-
pling when a hurricane moved from one region to an-
other during a forecast. In the new 2003 version
(OPO3) that will be described in this paper, the Gulf of
Mexico and western Atlantic regions are combined into
a single computational domain to rectify this problem.

The new data assimilation and initialization proce-
dure is based on a feature-modeling approach. This ap-
proach was originally introduced by Robinson et al.
(1989) and Lozano et al. (1996) and was successfully
used for modeling and forecasting the Gulf Stream and
other oceanic fronts by Gangopadhyay et al. (1997),
Robinson and Gangopadhyay (1997), and Gango-
padhyay and Robinson (1997). Using ocean climatol-
ogy data and the results of field experiments, they pro-
posed analytical formulas with a set of parameters for
the velocity profiles that characterize the Gulf Stream,
the Deep Western Boundary Current, the southern and
northern recirculation gyres, and the slope water gyre
and rings. To recover temperature and salinity fields,
they used a water mass model specifically developed for
this part of the western North Atlantic region by Spall
and Robinson (1990) and later modified by Lozano et
al. (1996). The water mass model is based upon a tem-
perature interpolation function between the Slope Wa-
ter and the Sargasso Sea, and a bimodal temperature–
salinity relationship. Their feature model successfully
simulated and predicted the evolution of the GS and
ring detachment during the Data Assimilation and
Model Evaluation Experiment (Lai et al. 1994).

The size of the united domain in the GFDL/URI
coupled model is many times larger than the part of the
western North Atlantic region used in the above stud-
ies. Therefore, it is difficult to convert the velocity field
to temperature and salinity fields using a simple water

mass model. Here, we introduce a new approach to
feature modeling in which we begin by constructing
temperature and salinity fields that characterize the
typical structure of the GS and LC by using a cross-
front “sharpening” procedure. The associated currents
are calculated by a short (typically 2 day) integration of
a primitive equation ocean model, which is sufficient to
generate dynamically adjusted fields.

The rest of this paper has the following structure. The
2002 operational GFDL/URI ocean initialization and
data assimilation system is briefly discussed in section 2.
A description of the new 2003 ocean data assimilation
procedure (OP03) is given in section 3. Section 4 de-
scribes a methodology for future improvements of the
GFDL/URI model, which includes initialization of the
multicurrent system (MCS) in the Caribbean Sea. The
conclusions can be found in section 5.

2. The 2002 ocean initialization and data
assimilation procedure in the GFDL/URI model

A version of the Princeton Ocean Model (POM)
(Blumberg and Mellor 1987) is used in the GFDL/URI
coupled system, with a horizontal resolution of 1/6° and
23 vertical sigma levels (Bender and Ginis 2000). The
ocean initialization and data assimilation procedures
used operationally at NCEP in 2002 (OP02) included
four phases. They were designed to spin up the velocity
and sea surface elevation fields from the Navy’s Gen-
eral Digital Environmental Model (GDEM) monthly
temperature and salinity data (Teague et al. 1990), to
assimilate the daily global NCEP SST data and to cre-
ate the hurricane-induced cold wake. During phase 1,
the POM was integrated in a diagnostic mode (e.g.,
holding the temperature and salinity constant) for 0.5
months from the GDEM monthly temperature and sa-
linity fields, which were interpolated from the original
0.5° resolution and 33 vertical Z levels onto the POM
grid points. phase 1 was followed by a 2-month integra-
tion in a prognostic mode, keeping the SST fixed in
time (phase 2). The first two phases thus generated
dynamically consistent current, temperature, and salin-
ity fields for each month of the June to November hur-
ricane season. The last two phases are designed to ad-
just the SST and upper ocean structure at the beginning
of each hurricane forecast. In phase 3, the daily NCEP
SST is assimilated within the mixed layer. The POM is
then integrated for 2 days for dynamic adjustment,
keeping the SST fixed in time. In phase 4, the cold wake
at the sea surface and the currents produced by the
storm prior to the beginning of coupled model forecast
are generated. The ocean model is integrated for 3 days
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and forced using the observed hurricane surface wind
distribution provided by the National Hurricane Center
along the storm track [see Bender and Ginis (2000) for
details].

In OP02, the Atlantic basin was divided into three
regions: Gulf of Mexico (15°–31°N, 98.5°–75°W), west
Atlantic (10°–47.5°N, 82°–50°W), and east Atlantic
(10°–40°N, 60°–30°W). In the west Atlantic region, an
inflow was prescribed at the western boundary (82°W)
between Cuba and Florida and an outflow at the east-
ern boundary (50°W) near 40°N. During the 2.5-month
model integration in phases 1 and 2, a GS-type current
was spun up in the west Atlantic region due to the
inflow/outflow lateral boundary conditions and the
temperature gradients in the main thermocline. Simi-
larly, an LC-type current was spun up in the Gulf of
Mexico region due to a specified inflow near the east-
south corner of the domain and the outflow at the
northern boundary around the GS.

The main shortcoming of this approach is that the
currents corresponding to the GS and LC after model
spinup are not very realistic. During a spinup of inte-
gration, the trajectories of the LC and GS deviate sig-
nificantly from the initial positions and become very
wide and sometime not continuous. More importantly,
it is not possible to control the GS and LC paths in the
model in order to make them consistent with the real
paths at the time of the hurricane forecast. A new ini-
tialization and data assimilation procedure described
below was developed to overcome these limitations.

3. New initialization and data assimilation
procedure

The new initialization and data assimilation proce-
dure is based on a feature-modeling approach that we
use for the GS and LC initialization in the GFDL/URI
model. The essence of this approach is to simulate the
GS and LC paths and their cross-frontal structures as
realistically as possible at the beginning of the hurri-
cane model forecast. The main assumption in this ap-
proach is that the cross-frontal temperature, salinity,
and velocity structures in the upper and main ther-
mocline do not change significantly along a strong oce-
anic front such as the GS. This assumption is well sup-
ported by data obtained in specialized field experi-
ments (Halkin and Rossby 1985; Leaman et al. 1989;
Hogg 1992; Johns et al. 1995; Bower and Hogg 1996;
Rossby and Gottlieb 1998; Rossby and Zhang 2001).
Feature models can be either velocity based or tem-
perature–salinity based. In the previous studies, simple
analytical data-based formulas are used to represent
the “featured” frontal structure (Gangopadhyay and
Robinson 2002). We utilize a new approach here, which
is based on cross-frontal “sharpening” of the climato-
logical temperature and salinity fields where the fronts
are usually poorly represented due to a coarse spatial
resolution.

The first step in the initialization procedure is to
specify continuous paths for the GS and LC within the
united ocean domain (Fig. 1), which includes the west-

FIG. 1. Temperature at 400 m: (left) in the GDEM Sep climatology and (right) after phase 1 of the OP03 model initialization
during Hurricane Isidore forecast.

1920 J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y VOLUME 22



ern Atlantic and the Gulf of Mexico (10°–47.5°N, 98.5°–
50°W). West of Cape Hatteras (from 82° to 75°W),
where the GS is typically very stable, its path is speci-
fied using long-term averaged data, as in Leaman et al.
(1989). East of Cape Hatteras (from 75° to 50°W) we
use satellite-derived monthly North Wall data provided
by P. Cornillon (2003, personal communication). Note
that the GS center in the main thermocline is usually
shifted by about 14 km to the south from the North
Wall (Cornillon and Watts 1987). In the Gulf of
Mexico, we determine the LC path using the maximum
temperature gradients in the main thermocline in the
GDEM climatology data. For the LC source, we initial-
ize a weak current along the 12°C isotherm at z � 400
m in the GDEM data (from 50° to 70°W) in the south-
ern part of the region (15°–16°N) and connect it with
the LC near the Yucatan Strait. This current, while not
very realistic, is needed to support the LC in the model.
In the next section, we discuss a multicurrent initializa-
tion procedure in the Caribbean Sea that allows a more
realistic specification of the LC source.

After the GS and LC paths are defined, normal cross
sections with a 5° width (2.5° from each side) are con-
structed with 0.1° increments along the paths. The
background GDEM temperature and salinity fields are
then interpolated at each z level onto these cross sec-
tions (also with 0.1° increments) using a bilinear inter-
polation. In each cross section, the center of the GS,
which is determined by the intersection of the 12°C
isotherm and z � 400 m in the GDEM climatology, is
displaced to the location of the new path. In the next
step, the temperature gradients are sharpened in each
cross section according to observational data obtained
in field experiments (Halkin and Rossby 1985; Leaman
et al. 1989; Hogg 1992; Johns et al. 1995; Bower and
Hogg 1996). Sharpening is done by changing the tem-
peratures at each z level along the cross section in such
a way that the new temperature gradients are consistent
with the observations. The salinity gradients are also
sharpened around the new GS center in a similar way.
The gradients are modified within an area of 1.6° (0.8°
from each side of the path); the remaining area is used
for blending the modified temperatures and salinities
with the background fields. A similar procedure but
only for temperature is applied to create the LC in the
Gulf of Mexico. In sharpening the LC area we use the
same gradients of temperature as in the GS but multi-
plied by a coefficient that increases along the LC path
from 0.2 at 50°W (the LC source) to 1.0 at 82°W (where
the LC turns into the GS). Note that in order to simu-
late a weaker current in the region where the LC origi-
nates, the cross-front gradient there is chosen to be 5
times less than the gradient used in the GS.

After sharpening, the temperature and salinity fields
are interpolated back from the cross sections onto the
model grid system. The initial baroclinic velocities are
calculated from geostrophic balance equations assum-
ing zero elevation. Starting with these fields and assum-
ing zero barotropic velocities, the ocean currents are
spun up by integrating the POM equations. The inflow/
outflow lateral boundary conditions are set only at the
eastern boundary of the united region, where we
specify the following transports: an outflow of 90 Sv (1
Sv � 106 m3 s�1) between 39° and 40.5°N (GS), an
inflow of 30 Sv between 41° and 43°N (north of GS),
and an inflow of 60 Sv between 14° and 18°N (south of
GS). We should note that the lateral boundary condi-
tions do not play an important role in this procedure
because the currents associated with the GS and LC are
primarily formed by very rapid dynamical adjustment
of the velocity and mass fields. We find that a 2-day
model integration is sufficient to dynamically adjust the
velocity fields to the strong gradients of temperature
and salinity in the main thermocline in the GS and LC.

The new ocean initialization and data assimilation
procedure was extensively tested for hurricanes during
previous hurricane seasons and was implemented into
the 2003 operational version of the GFDL/URI
coupled hurricane–ocean model (OP03). The four-
phase ocean model initialization in OP02 was reduced
to two phases; the spinups of currents in the old phases
1 and 2 were eliminated. In OP03, the new initialization
procedure is performed in phase 1, together with the
assimilation of NCEP SST as in the old phase 3. In this
phase, the daily NCEP SST is assimilated within the
mixed layer. The POM is then integrated for 2 days for
dynamic adjustment, keeping the SST fixed in time.
The OP03 phase 2 is the same as the old phase 4. In this
phase, the cold wake at the sea surface and the currents
produced by the hurricane prior to the beginning of
coupled model forecast are generated. The ocean
model is integrated for 3 days and forced using the
observed hurricane surface wind distribution provided
by the National Hurricane Center along the storm
track.

We consider, as an example, the GFDL/URI model
forecast of Hurricane Isidore initiated at 1200 UTC 19
September 2002. During this forecast the hurricane
moved slowly from the Caribbean Sea into the Gulf of
Mexico and crossed the LC. Figure 1 shows the 400-m
temperatures in the GDEM climatology for the month
of September (left) and after the sharpening procedure
and phase 1 (right). The temperature gradients in the
GDEM data are very smooth, and the GS and LC
fronts are poorly identified. After sharpening, both
fronts appear to be well defined and more realistic.
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Figure 2 shows the surface currents after a 2-day model
spinup in phase 1. Strong currents have developed
along the LC and GS fronts, with the maximum velocity
reaching 1.7 m s�1. When comparing Figs. 1 and 2, it is
evident that the LC follows the sharpened GDEM tem-
perature gradients in the main thermocline in the Gulf
of Mexico, and the GS follows very well the specified
North Wall. Figure 3 shows the meridional cross sec-
tions through the GS along 68°W in the GDEM clima-
tology (left) and after the sharpening procedure and
phase 1 (right). They again illustrate how weak tem-
perature gradients across the GS in the GDEM clima-
tology are transformed into a sharp, more realistic
front. Figure 4 shows zonal (downstream) GS velocity
in a cross section along 68°W after phase 1 (left) and
after a 3-day coupled model forecast (right). A strong
jet with a GS-like structure is developed in the upper
layer. Comparing the right- and left-hand panels of Fig.
4, it is evident that the cross-stream velocity structure in
the jet is maintained very well during the 6 days of
model integration (3 days of phase 2 and 3 days of the
coupled model forecast).

It is interesting to compare the temperature and ve-
locity cross sections in the model with observations ob-
tained during field experiments in the GS. Figure 5,

adopted from Leaman et al. (1989), shows mean tem-
perature (left) and downstream velocity (right) through
the GS (near 73°W) obtained during the Pegasus ex-
periment. Johns et al. (1995) compared the downstream
velocity obtained near 73°W with the velocity obtained
in the Synoptic Ocean Prediction (SYNOP) experiment
at 68°W, and found that the two resembled each other
very closely. The temperature cross section after initial-
ization (Fig. 3, right) is in good agreement with the
observed cross section in Fig. 5. A comparison of Figs.
4 and 5 shows that the overall velocity structure in the
model is consistent with the real GS. However, the
horizontal resolution in the model is not sufficient to
reproduce the maximum velocity found in the observa-
tional data.

4. Initialization of a multicurrent system in the
Caribbean Sea

One of the important advantages of the feature mod-
eling approach is that it allows the initialization of a
multicurrent system (MCS) in an ocean model. We uti-
lize this approach to initialize the MCS in the Caribbe-
an Sea and adjacent regions in the GFDL/URI hurri-
cane model. To construct initial ocean currents that

FIG. 2. Surface current after phase 1 of the OP03 model initialization during Hurricane
Isidore forecast. White line indicates the GS North Wall in Sep.
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