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ARTICLEINFO ABSTRACT

Handling Editer: Dr. K Drinkwater An advanced data-assimilative ocean circulation model is used to investigate Gulf Stream (GS) variahility during
2017-2018. The modeling system applies a strongconstraint, 4D variational data assimilation algorithm. It
assimilates satellitebased sea surface height and sea surface temperature measurements and in situ temperature
and salimity profiles. Model skill assessment metrics along with comparisons of GS position and G5's three-
dimensional mean kinetic energy with historical observations are applied to validate the data-assimilative
model. The resulting time- and space.continuous ocean state estimates are used to diagnose eddy kinetic en-
ergy conversion and cross-stream eddy heat and salt fluxes over the twoyear study period. The processes leading
to kinetic energy conversion are primarily due to GS meanders. Sigrificant inverse energy cascading (EKE- »MKE
and EKE-+EPE) can occur during GS5-eddy interactions, particularly during onshore intrusions or offshore
meanderings of the GS. Throughout the twoyear study period, the cross-stream eddy heat and salt fhees off Cape
Hatteras were predominantly positive {onshore). Both G5 offshore meandering (occurring 449 of the time and
associated with shelf /slope water export) and GS intrusion {occurring 56% of the time) contribute to onshore
heat and salt transport. Improved understanding of these processes and dynamics requires strong integration of
an advanced observational infrastnicture that combines remote sensing; fized, mobile, and shore-based

ohserving components; and high-reschution data assimilative models.

1. Introduction

Boundaries between subtiopical and subpolar oceanic gyres are
characterized by canfluent western boundary currents and convergence
in the adjacent continental shelf and slope waters. This leads to laige net
export of shelf waters to the open oceann In the Northwest Atlantic
Ocean, such a confluent zone is located offshore of Cape Hatteras, North
Carolina, USA, where the compounding effects of the meandering Gulf
Stream (GS) and the convergence of adjacent shelf and slope water from
the Middle Atlantic Bight (MAB) and South Atlantic Bight (SAB) lead to
substantial interactions between the dirculation over the shelfand in the
deep ocean (Fig. 1).

The GS plays amajor 10le in shaping regional ocean circulation (e.g.
Olson et al,, 1983; Gula et al., 2015; Zeng and He, 2016). After passing
through the Florida Straits, the GS flows over the upper continental
slope through the SAB. North of the Straits, the GS passes closest to shore
near Cape Hatteras, with the cioss-shelf distance from the coast to the
GS’s shoreward edge being as little as 20 km (12.5 mi). From Cape
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Hatteras, the GS detaches from the continental slope and flows generally
northeastward into the open ocean. Exchanges between the shelf and
open ocean near Cape Hatteras are diiven by GS variability, shelf water
properties, atmospheric forcing, and local bathymetry (e.g. Savidge and
Bane, 2001; Todd, 2020b), and they impact short-term and seasanal
variability of water mass composition, pollutant transport, and coastal
ecosystem dynamics (Wood et al., 1996; Bignami and Hopkins, 2003;
Savidge and Savidge, 2014; Han et al., 2021; Seim et al., 2022).

The variability of the GS and its interaction with shelf currents, the
equatorward flow of the slope sea gyre (e.g. Csanady and Hamilton,
1988; Flagg etal., 2006), and the North Atlantic Deep Western Boundary
Current (Pickart and Smethie, 1993; Andres et al., 2018) are key topics
being investigated as part of the “Processes driving Exchange At Cape
Hatteras” (PEACH) research program (Seim etal., 2022). PEACH aims to
understand dynamical mechanisms that contiol exchanges between
shelf waters and the open ocean using an integrated observational and
modeling approach. New observations collected in 2017-2018 include
data from a combination of fixed (moorings), mobile (gliders, ships), and
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Fig. 1. Schematics show the mean circulation around Cape Hatteras, North
Carolina, US A. The vector field regresents the 2 year (2017-2018) mean surface
velocity derived fiom the datzassimilative model described in this smdy.
Schematic arrows for the MAB shelfl water and shelfbreak Jet are slightly
different from the underlying mean vectors of surface currents due to wind

driven processes. Vector color reflects the magnitude of velocity. The 200-m
isobath is shown by the white solid ine.

shore based (high frequency radar) observing platforms (see Andres
et al, 2018; Todd, 2020b; Han et al, 2021; Seim et al, 2022).
Data assimilative ocean modeling has also been applied to fill spatial
and temporal gaps in observations and to examine processes that cannot
be diagnosed directly from the observations.

This paper presents details of the implementation, validation, and
application of the dataassimilative modeling system developed for
PEACH. Section 2 describes the model set up, the 4D variational data
assimilation algorithmr, and a suite of observations used for ocean state
estimates. An extensive set of model validation is given in Section 3.
Model skill assessment metrics, GS position and comparisons of kinetic
energy with glider observations are included in this validation section.
Detailed analyses using the resulting realisti¢ continuous ocean state
variables are provided in Section 4, first focusing on the modulation of
mean kinetic energy (MKE) and eddy kinetic energy (EKE) including
barotropic and baroclinic energy conversion, and then on the cross
stream (relative to the mean path of GS) eddy fluxes. Section 5 sum
marizes the results and implications.

2, Model and data
2.1. Data assimilative model

The Regional Ocean Modeling System (ROMS) was used in this
study. ROMS is a terrain following, sigina coordinate, primitive
equation model developed specifically for regional applications (Haid
vogel et al, 2008). Its camputational kemel uses high order time
stepping and advection schemes and a carefully designed temporal
averaging filter to guarantee conservation for tracers and mamentum
(Shchepetkin and McWilliams, 2005). The model domain (Fig. 2) spans
the Northwest Atlantic, Caribbean, and Gulf of Mexico with 7 km
(1/15°) horizontal grid spacing and 36 vertical layers. The bathymetry
is generated using 1 min gridded GEBCO data and smoothed with a
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linear programming procedure (Silaric et al, 2009) to remove overly
large gradients that may lead toumwanted numerical pressure gradient
errors in the model (1x0 is kept smaller than 0. 3; Beclanann and Haid

vogel, 1993). The model uses fourth order centered advection and the
generic length scale vertical mixing scheme (Wamer etal., 2005). At the
domain’s anly open boundary on the east, the model is configured to
conserve volume with a free surface Chapman condition, a Flather
condition for the 2 D mamenturr, and clamped conditions for 3 D mo

menhumn and tracers (Marchesiello et al, 2001; Powell et al, 2008;
Broquetet al, 2009; Moore et al, 2009). Boundary values of ocean state
variables are derived from the daily global HYCOM/NCODA product
(Metzger et al,, 2017). Surface forcing used in the ROMS simulation is
derived from the European Center for Medium Range Weather Forecast
(ECMWF) reanalysis product, which is available every 3 h at 01 25°
spatial resolution. Air temperature, surface pressure, humidity, wind
speed and direction, short and long-wave radiation, and precipitation
from ECMWF are used to compute the ROMS surface momentum and
buoyancy forcing with the bulk flux formulation of Fairall et al (1996).
Qur data assimilation experiment generated daily snapshots of ocean
state variables covering the period from January 2017 through
December 2018. The goals were to improve subtidal hydrodynamic
simulations during the 2017-2018 PEACH field campaign and to ach
ieve betterunderstandingof &S variability and its interactions with shelf
circulation. Tidal velocities in the Cape Hatteras region are gemerally
weak as discussed by Andres et al. (2018). While there are tidal ve

locities observed over the continental slope and abyss off Cape Hatteras,
their impact on the sub tidal circulation and data assimilative modeling
is considered megligible. The non data assimilative forward model
simulation was integrated for 3 years fromJanuary 1, 201 6 to December
31, 2018. The data assimilation experiment focused on a 2 year period
from January 1, 2017 to December 31, 2018.

For data assimilation (DA), we applied ROMS’s 4-Dimensional
Variational Data Assimilation (4DVar) system, which includes the
naonlinear forward model (NLROMS), tangent linear model (TLROMS)
and adjoint model (ADROMS). The incremental and strong constraint
4D -var data assimilation algorithm (Courtier et al,, 1994) was adopted.
Details of the DA methodology were documented in Chen et al, (2014)
and Moore et al, (201 1a). Interested readers arereferred to these studies
for more infarmation. For each assimilation window, only the initial
condition was modified by the 4D Var procedure; forcing conditions and
boundary conditions remained unchanged.

The objective of the 4D Var model is to obtain the most accurate
estimation of the ocean state by minimizing a nonlinear cost function.
The immer loop of the model consists of a series of linear least squares
minimizations, while the outer loop involves regular updates of the
tangent linear model at the observation points. In this study, we chose
two outer loops and eight inner loops, given that multiple loops are
considered advantageous since the convergence of the cost fimetion to
its minimum can be accelerated by secondlevel preconditioning pre
dicted on the previous outer loop (Moare et al, 2011b). A three day
assimilation window was chosen because a short window maintains
the tangent linear approximation in anonlinear GS regime and controls
model trajectories more effectively (Powell et al, 2008; Broquet et al,
2009; Chen et al, 2014). In addition, a one day overlap between
assimilation windows was applied as was done in Powell et al. (2008)
and Chen et al, (201 4) to support smooth transitions between adjacent
assimilation windows.

2.2 Observationd data

2.2.1 Seaswrface height anomaly

The model assimilates level 4 sea surface height anomaly (SSHA)
data processed and distributed by the Copernicus Marine and
Environment Monitoring Service. The gridded SSHA data we utilized
in our study caresponds to the product ID “SEALEVEL GL OPHY
_L4 REP OBSERVATIONS008 047", obtained from the European


http://marine.copernicus.eu/
http://marine.copernicus.eu/
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Fig. 2. Example of observations showing (a) sea surfac e heig it (SS ) on May 1, 2017 and (b) sea surfac & emperat ure (SST) onMay 1, 2017. Also show nare surface

observatdons of (0 in sim saliniy and (d) emperanire prof desfor al of May 2017.

Copemicus Marine Environment Monitoring Service (CMEMS)". These
datacover the period from 2017 through 2018 and combines data from
multiple satellites active during this period, namely Jason2, CrycSat-2,
SARAL AltiKa, Jason 3, and Sentinel 3. This product is available on a
daily basis with a horizontal resolution of 1/4°. Before the 4D Var
assimilation, the anomalies were converted to sea surface height
(Fig 2a) by adding the 20 year mean sea level from HYCOM. Do ing so
allows for consistency between the sea level data being assimilated in
the model's interior and the sea level open boundary conditions from
HYCOM. As in Chen et at. (2014), we excluded sea sirface height data
located shoreward of the 200m isobath due to the uncertainty of the
satellite altimeter product in the coastal ocean.

The GeoPolar Blended Sea Surface Temperature (SST) data (Fig. Zb)
developed by the NOAA CoastWatch program is a 5 lanresolution,
cloud free, optimally interpolated SST dataset. It ingests SST observa
tion from GOES, AVHRE, and MODIS satellites and is available daily
from 2002 to the present.

2.2.2. Subsizface temperature and salinity

Quality controlled hydrographic data (EN4) were processed by the
European Union ENSEMBELES projed: These data are archived by the UK
Met Office (mgleby and Huddleston, 2007; Good etal,, 2013), providing
valuable subsurface hydrographic observations. Within owr model
domain, this temperatur € and salinity dataset (Fig. Zc and d ) contains in
sitn observations archived by the World Ocean Database, the Global

Temperature Salinity Profile Program, and the USGODAE Argo Global
Data Assembly Centers. Ocean temperature and salinity profiles from
Spray underwater gliders sampling within the GS (Heiderich and Todd,
2020) and over the upper continental slope and outer continental shelf
near Cape Hatteras for PEACH (see Todd, 2020ab) provided important
water mass information to our data assimilative model.

2.2.3. “Super observations” and observational error

As in Chen et al. (2014), we bin averaged surface and subsurface
observations into “super observations” to ensure that no more than one
measurement of a particular state variable was included in a particular
model grid at any time step.

The observational error covariance matrix R was chosen to be the
larger of the variance of the measiurement error and error of represen
tativeness. The error of representativeness was calcul ated as the stan
dard deviation of the obser vations within each “super observation.” The
Imeasurement errar variances were chosen independently for different
data sowurces (Eroquet et al, 2009; Chen et al,, 2014). Following previ
ous Iresearchers parameter choices, we chose measurement errors of
0.02m and 0.4 °C (Powell et al,, 2008) for SSHAand SST, respectively.
For in situ temper ature and salinity profiles, measurement errars of 0.1
°C and 0.1 psp were used (Chen et al, 2014). We choose these mea
sirement errors that are larger than the instrumentsl errors for each
platform to avoid overfitting of the observations.



S. Mao et al
3. Data-assimilative model performance assessment

Here we first confirm that the 4D-Var data assimilation produced a
numerical simulation that better agrees with assimilated observations
than does the forward (non-data-assimilating) simulation (section 3.1).
We calculate a variety of widely used metrics of model-data mismatch
for this purpose. In section 3.2 we compare GS position from altimetry
data with that from our 4D-Var data assimilation results. In section 3.3,
model shows decent GS velocity structure and transport, despite not
assimilating velocity. Finally, in section 3.4, we compare mean kinetic
energy and eddy kinetic energy from glider-based observations with that
from DA model results.

3.1. Reduction of model errors

Time series of the domain-averaged $SH root mean squared error
(RMSE) provide a direct way to evaluate the DA model perforinance
(Fig. 3). For both forward-modeled (no DA) and DA-modeled SSH fields,
RMSE is computed daily as

3 | & i s 192
RMSE (T S -) ) 0))}

where N is the number of observations, 7" is the modeled state variable,
and y? is the observed state variable. Without DA, the forward model
S$SH RMSE ranges from 0.12 to 0.28 m. DA SSH RMSE is much lower,
ranging from 0.06 to 0.15 m with a mean value of 0.08 m. Except for
brief amplifications during September—October in 2017 and 2018 when
several energetic hurricanes transited the model domain, the DA $SH
RMSE mostly staysbel ow 0.12 m, showing that the DA model’s ability in
simulating the dynamic S$SH topography isbetter than that of the model
without DA.

The bias error represents the overall discrepancy between model
output and observations and identifies whether the model systemati-
cally over- or underestimates a variable.

: 1 Qo
B:aserrar=ﬁ ; (y,- - yf) (2)

We computed the bias error for the simulated subsurface tempera-
ture and salinity from both the forward and DA models. The vertical
distribution of horizontally and temporally averaged subswrface tem-
perature and salinity biases shows that DA helps to decrease largest
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temperature bias from 0.5 to 0.1 °C, and largest salinity bias from 0.5 to
—0.02 psp in the upper 200 m (Fig. 4a and b). Temperature biases are
largestnear 80m in the thermocline, where they are reduced from 0.6 °C
to 0.2 °C by DA. Near the surface, however, the temperature bias
changes sign and has nearly the same magnitude following DA (Fig. 4a).
Near-surface salinity bias is reduced from 0.6 to nearly zero and sub-
surface salinity bias is reduced at most other depths (Fig. 4b). Daily time
series of domain-mean temperature and salinity bias (Fig. 4c and d) also
indicates that the DA model, after assimilating temperature and salinity
observations, has substantially reduced bias compared to the forward
model.

Following Stow et al. (2009), we applied five additional skill as-
sessments to the forward model and DA model solutions for $SH, SST,
subsurface temperature, and subsurface salinity (Table 1). These
assessment metrics are the RMSE (Eq. (1)), correlation coefficient (Eq.
(31), reliability index (Eq. (4)), average absolute error (Eq. (5)), and
modeling efficiency (Eq. (6)). Their formulae are:

N - -
3207 =) (5 — »8)
CorrelationCoefficemnt = @

vfil (% — ) il o =)’

(3}

|l N y:, 2
VE;(@F‘T) 4)

Reliabilityindex = exp

N
Syl
AverageAbsoluteError — =1 n (s}

(5 6r-77 -5 0n - )7

Modeling efficiency = ‘¢ " ; (6}
20 ¥

i1

The correlation coefficient measures how well the predicted and
observed values vary together. Keally this should be close to 1. The
reliability index (RI) indicates the average factor by which model pre-
diction differs from observation. Ideal RI should also be close to 1. The
average absolute error measures the size of discrepancies between pre-
dictions and observations. A value near 0 indicates a close match.
Finally, the modeling efficiency indicates how good the model predic-
tion is relative to the average of the observations. A value near 1
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Fig. 3. Comparison of the domain-averaged root mean squared errors (RMSE) between the forward model (blue) and DA model-simulated (black) S5H fields from

January 2017 throngh December 2018.
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Table 1

Statistical scores of the forward model and DA model in reproducing sea surface height (S5H), sea surface temperature (S5T), subsurface temperature, and salinity’ in

January 2017-December 2018.

Models SSH 55T Temperature Salinity

Forward modd DA modd Forward model DA model Forward model DA model Forward modd DA modd
Corrd ation Coef ficient 0.80 0.85 064 0.99 0.93 0.9% 0.82 0.9%
Root mean squared error 0.18(m} 0.09m} 425 (*C) 046 (°C) 240 (°C) 1.38 (°C) 0.79 (psu)} 0.31 (psu)}
Reliability Index 091 1.02 1.30 1.03 122 1.12 103 1.01
Average Absolute Frror 0.13(m) 0.1(m} 3.08 (°*C) 0.31 (*C}) 1.74 (°C) 086 (*C) 057 (psu) 0.18 (psu)
Modeling Ffficiency 056 0.70 0.25 0.99 0.86 0.96 0.60 096

indicates a close agreement between model predictions and observa
tions. Both the correlations and the model efficiency scores are
computed by removing constant mean values from the observed and
modeled data, so these metrics primarily reflect model observation
agreement at the largest spatial scales of variability.

We compute each of these metrics of model skill for both the forward
and 4D Var model s (Table 1). The 4D Var assimilation procedure
leads o correlation coefficients increasing from 0.8 to 0.85 for SSH from
0.64 to 0.99 for SST. For the subsurface properties, DA improves the
correlation coefficient of subsurface temperature (subsurface salinity)
from 0.93 (0.82) to 0.98 (0.98). The DA procedure results in reductions
of RMSE of 50% for SSH, 76% for SST, 43% for subsurface temperature,
and 61% for subsur face salinity, For the reliability indices, the DA model
Tesults bring this assessment closer to 1 for the SSH and subsurface
salinity and reduces the reliability indices of the forward model for SST
and subsurface temperature by 21% and 8% respectively. The average
absolute errors of the DA model for SSH, SST, subsurface temperature,
and subsur face salinity decreased by 0.03m, 2.77 °C, 0.88 °C, and 0.39
compared with the forward model. DA model also helps to improve
modeling efficiency scores of surface products from 0.56 @ 0.70 for the
SSH and from 0.25 to 0.99 for the SST. Modeling efficiency scores of the
forward model for subsurface temperature and subsurface salinity are
0.86 and 0.60, respectively. In contrast, the DA model increases both
these values to 0.96. Overall, even though forward model results have
good correlation coefficients and modeling efficiency scores for SSH and
SST, 4D-Var data assimilation results in better skill overall in generating
a highly realistic ocean reanalysis, par ticularly for the subsurface ocean
state variables.

3.2. Gulf stream position

Several appoaches have been used in earlier studies to identify the
position of the GSel) the maxirum SSH gradient (e.g Qiu and Chen,
2006; Zeng and He, 2016), which represents the core rather than the
edge of the GS; 2) a constant contowr (e.g. 25 cm) of the gridded dynamic
topography measured by satellite altimeters (e.g. Lillibridge and
Mariano, 2013; Andres et al., 2020); and 3) the location of a particular
isotherm at a particular depth (e.g. the 12 *Cisotherm at 400 m (Halkin
and Rossby, 1985) or the 15 °C isotherm at 200 m (Fuglister and Voo
rhis, 1965)). Our discussion here focuses on comparing the first two
approaches, which are based on ocean surface conditions so can be
directly compared between modeled output and satellite observations.
We are interested in the differences between these two methods because
they are based on dynamic SSH topo graphy.

For this study, we focus on the GS position near Cape Hatteras and
the GS extension region between 68°W and 78°W. The two year mean
GS positions identified by modeled maximmim gradient method and by
the satellite 25 cn contowr method generally align with each other
(Fig 5). However, notable differences in temporal variability are noted
around Cape Hatteras: GS positions defined by the maximmum gradient
has a wider envelope (Fig ©) near Cape Hatteras and west of 70°W.
Daily GS positions from the modeled maximum gradient method
(Fig 6a) and the modeled 25 cam contowr method (Fig 6b) show a
broader GS position spread than that from the satellite 25 cm contour
(Fig 6¢), especially west of 71°W. This may be because the satellite SSH
field, being a blended product with an effective temporal resolution of
~10 days (the altimetry repeat cycle), und errepresents the temporal
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variability of the GS. It is also possible that mwodel overestimates the
tem poral variability.

We expanded the comparison by examining the GS offshare distance
from Jamuary 2017 through December 2018 along the Oleander line (e.
g. Flagg et al, 1998; Rossby and Benway, 2000; Andres et al, 2020) and
transect 3 (Fig 6). During this two year period, the GS offshare positions
along the Oleander line (about 1200 lan between Port Elizabeth, New
Jersey, and Hamilton, Bermmuda ) identified by the two methods (Fig 7a)
show general agreement. The correlation coefficient between the GS
offshore distance identified by modeled maximum gradient (by modeled

contoirr) and that identified by satellite altimetry conto1mris 0.85 (0.92).
The GS meandered between 350 lan and 500 lan offshore along the
Oleander line. Detailed examinations of the sirface fields fram both
model simulations and satellite observations show that a GS offshore
meander in January 2018 and a GS onshare intrusion in February 2018
contributed to the up to 150 lanshift of GS location along the Oleander
line. Applying the 25 an contour on the satellite gridded SSH fields is
indeed a robust way to identify the GS positions along this transect, as
has been shown by earlier studies (e.g Andres et al,, 2020).

In contrast, larger discrepancies in GS position between the miodel
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Fig. 7. G5 offshore distance identified by DA
modeled madmum SSH grdient (black), DA
modeled 25-cm contour {adjusted to the reference
level of satellite altimetry, blue), and satellite altimr
etry SSH 25-cm cantour {red) at a) the Oleander line
amd b) Transect 3 near Cape Hatteras. See Fig. S for
transect loatians. The values of temporal correlation
coefficients between the GS offshore distance identi
fied by DA-modeled maximum SSH gradient {by DA-
maodeled 25-am contour) and by the satellite altimetry
SSH 25-cm contour are pravided for each transectand
shown in black {blue).
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Fig. 8. Modeled GS velocity structure along the four transects {magenta lines in Fig 5), with contours shown. Upper panels show twoy ear mean velocity fields
{Positive velocities represent poleward flow and negative velodties represent equatorward flow). Lower panels show their standard deviation.
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and satellite methods are seen along Transect 3 (Fig. 7b), as demon-
strated by lower temporal correlation coefficients between pairs (r =
0.24, 0.41). This makes tracking the GS off Cape Hatteras a challenging
task. Here, the GS position identified by the modeled maximum gradient
was generally 10-40 km farther offshore than the positions identified by
the modeled 25<m contour. The latter is 10-20 km farther of fshore than
that identified by the satellite 25<n contour (Fig. 7b). These results
suggest that the position of GS care identified by the maximum gradient
method cannot be accurately represented by the 25-cm SSH contour off
Cape Hatteras.

3.3. Velocity and transport of GS

Modeled subsurface velocdity (Fig. 8) was sampled along four tran-
sects (magenta lines in Fig. 5). As in Todd (2021D), these cross-shelf
transects are perpendicular to the mean $SH contowr. Mean velocity
components at all four transects display a strong, compact GS jet. The
core of the GS (speed >0.5 m/s) is located in the upper 600 m. At
transects3 and 4, the flow field experiences large varability associated
with meanders, as shown by the >0.25 m/s standard deviation contours
that are over 100 km wide and 1000 m deep at transects 3 and 4.

Themean GS transport measured by the Florida Strait cable from 2017
t0 2018avas32.1 £ 3.0 Sv, whilethe model’s mean transport was 29.6 +
2.8 Sv. The underestimation of the GS transpart in the model could
potentially be attributed to the relatively coarse horizontal resolution
utilized, considering the narow width (~80 km) of Flarida Strait. We also
estimate the valume transport of the GS from the time-averaged velocity
field for the two-year study period 2017-2018 at each cross-stream tran-
sect by integrating all poleward mean flow between the surface and 1000
m. The modeled upper-1000-m transport increased from 40.50 Sv at
transect 1-52.08 Sv at transect 2 and to 58.51 Sv at transect 3 off Cape
Hatteras. The modeled transport at transect 3 is 1-4 Sv larger than the
observed upper-1000-m transport at Cape Hatteras (57.3 Sv for the upper
bound and 54.5 $v for the lower bound fiom Heiderich and Todd, 2020).
Overal], ourmodel is able to capture the observed along-stream increase of
GS volume transport as waters are entrained from the open-ocean and the
shelf and slope (eg. Heiderich and Todd, 2020; Andres et al, 2020),
despitenot assimilating velocity observations.
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3.4. Kinetic energy of the GS

The GS is a large oceanic reservoir of kinetic energy in the North
Atlantic. Its energy is composed of both mean kinetic energy (MKE) and
eddy kinetic energy (EKE). Using kinetic energy as metrics to validate a
model is anovel and stringent task given that velocity field needs to be
highly accurate, and velocity is not assimilated into our model. How
MEKE and EKE are partitioned in various parts of the GS has been a long-
standing research question (Richardson, 1983a, 1983b; Rypina et al,
2012; Todd, 2021b). Ocean welocity (u,v) can be divided into
time-averaged and fluctuating parts: (u,v) = ({u),{v)) + (u,¥)e Mean
and eddy kinetic energy perunit mass can then be represented as:

1

MKE S (G — ()Y @

ta

(8 ) (8)

ERKE=

Dot | —

34.1. Swface MKE arud EKE disribution

Here we compare estimates of MKE and FKE from the model with
three-dimensional estimates from glider measurements of velocity and
with estimates computed from satellite based SSH (Fig. 9). Satellite-
derived KEs were generated using 0.25° x 0.25° satellite gridded SSH
fields and their associated geostrophic velocity, whereas the glider-
based estimates of MKE and EKE were produced by combining in situ
velocity measurements from 31 glider deployments during July
2015-June 2020 (see Todd, 2021Db).

All three MKE estimates show very simi’ar patterns and magnitude at
the surface, with a maximum value close to 1 m2/¢ occurring between
27°N and 30°N (Fig. 9, upper panels). In contrast, a noticeable difference in
EKE is seen among the three estimates, espedially in the SAB (Fig. 9, lower
panels). Both the DA model and glider observations show a local EKE
maximum near the Charleston Bump at 328N, where GS offshare deflec tion
and instability often occur (Brooks and Bane, 1978; Bane and Dewar, 1988;
Bane et al., 2001; Zeng and He, 201 6). However, this local high FKE feature
is not captured in the satellite observations due to the coarse spacing of
satellite ground tracks (~10 km). The largest values of EKE (up to 0.5
m?%s?) are found downstream of Cape Hatteras in the GS extension area,
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Fig. 9. Surface kinetic energy estimate from the model (2017-2018; a and d), glider observations (2015-2020; band e), and satellite altimetry data (2017-2018; c
and f)} Upper (ower) penels show mean kinetic erergy (eddy kinetic erergy) in logio transformed values.
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wher e the GS has large meanders (Rossby, 1987).

34.2. Subsurfuice MKE and EKE along the Gulf Soeam path

Satellite observations can only depict ocean conditions on the sur-
face, sowe tumn to the DA model and glid er data for subsirface kinetic
energy structures. Both model output and glider observations of MKE
vertical structure along the four cross-shelf transects (Fig. 10) indicate
that MKE magnitude decreases with increasing depth, and the local
maximum shifts offshore with increasing depth. There are two features
that differentiate the model results from glider obser vations: 1) modeled
MKE local maxima on transects 1 and 2 are slightly larger and deeper
than those from glider observations, and 2) the modeled local MKE
maximum along transect 4 is farther offshore than the glider-based es-
timate. Different resolutions between model and glider observations
may have contributed to these differences. The model's horizontal and
vertical resolutions maynot be sufficient to resolve the density gradients
and their companion strong velocity shears as observed by the glider.
Nevertheless, we see a general consistency in the MKE patterns and
magnitudes between the glider observation and DA model along all four
transects.

A similar comparison was made for subsurface EKE fields between
the model and glider observations (Fig. 11). Both modeled and observed
FKEs show a gradual increase in EKE magnitude as the GS moves
downstream from transect 1 to transect 4. The general locations of EKE
maximaarealso consistent between the modeled and observed products
along all four transects. The model underestimates FKE magnitude and
tends to distribute energy deeper in the water colunm (espedally at
transect 4) than its observational counterpart. The reason that GSin our
model reaches deeper than observations is due to the relatively coarser
vertical resolution. Likewise, energetic eddies (espedally those of small
scale) that were sampled by glider surveys cannot be well resolved bya
7 dm resolution ocean model, even with assistance from advanced data
assimilation.
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4. Analyses

We use our resulting time- and space-continuous ocean state esti-
mates to diagnose processes of kinetic energy conversion in section 4.1
and cross-stream eddy heat and salt fluxes in section 4.2 over the two-
year study period. These analyses are not practical if using observa-
tions directly. Since the eddy heat and salt fluxes depend not only on
cross-stream velocity, but also on water properties across transects, it is
important to address the topics of kinetic energy conversions and eddy
heat/salt flux separately.

4.1. Modulation of GS MKE and EKE

To understand how MKE and EKE are modulated temporally and
spatially, especially between transects 3 and 4 where both glider ob-
servations and the model show increases in MKE and EKE, we next
quantify several relevant energy conversion terms in the EKE governing
equation, as has been done in several previous studies (Masina et al.,
1999; Jouanno et al,, 2012). These ar e barotropic instability (BT), bar-
oclinic instability (BC), and advection (ADV):

O/ A ./ 1 4 )
BT_—[:;HE—H;V(E-FE) +vva} (9)
RO — —gpru-“' (10)

Hy
apv_ (T+a) e VEKE (1)

where Uand V are the horizontal components of the 30-day 1ow-pass
filtered velocity; u” and v* are the perturbation velocity components
with respect todf and V; w” is the perturbation of vertical velocity; and p*
is the density perturbation. Given the GS varations downstream of the
Cape Hatteras typically occur on a time scale ranging from weeks to
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Fig. 10. MKE (m?/¢%) alongthefourcrossshore transects (magenta lines in Fig. 5). Upper panels show MKE from the twoyesr (201 7-2018) DA modeling, and lower
panels show MKE from glider observations during 2015-2020 (Todd, 2021a,b; Todd and Owens, 2016).
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Fig. 11. EKE along the four crossshore transects (magenta lines in Fig. 5 Upper panels show EKE from the twoyear (2017#2018) DA modelng, and lower panels
show EKE from glider observations during 2015-2020 (Todd, 2021ab; Todd and Owens, 2016).

momnths (eg. Tracey and Watts, 1986), we applied a 30-day low-pass
filter to produce a lowfrequency circulation (U), from which eddy
flow fields () can be characterized and quantified. Different from the
definitions in Eq. (7) and Eq. (8), MKE in this section is defined as
1/ &V?) and EKE is defined a s& (% + v*2).

The energy moduction term BT is related to baroiropic instability
and describes the MKEFKE conversion through eddy momentum flux
BC is due to baroclinic instability and represents the energy transfer
fiom eddy potential energy [EPE: (g0%)%/(2p02N?) to ERE through ver-

a) MKE(m?/s2)

tical eddy density flux. ADV represents the advection of EKE by hori-
zomntal curents. Forouranal ysis, we furt herintegrated these termsalong
transects 3 and 4 over the upper 200 m. ADV is generally one order of
magnitude smaller than both BT and BC, and thus will not be discussed
in the following section.

Over the two-year period, the sectional mean MKE (EKE) & about
31% (64%) mare at transect 4 than transect 3 (Fig. 12 a, b). This is
consistent with findings from Figs. 10 and 11, suggesting the GS is
becoming stronger, but also mare prone toinstability, as it passes Cape
Hatteras. MKE variations at transect 3 and transect 4 are podaly

15 x10* ¢) BT Conversion(m2/s?)

KA

Fig.12. 30day low-pass filered time series of a) sectional mean MKE; b)sectional mean EKE; ¢ ) sectional mean barotropic conversion; d ) sectional mean baroclinic
conversion. Black (blue) colored lines represent results along twransect 3 (transect 4). Dashed lines in a) and b) indicate their corresponding MKE and EKE mean

valies. Red lines indicate zero value. Note the change of scaks in al subplots.
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carrelated. Correlation r onlyeeaches a maximum value of €.16, witha
50 day lag The poor carrelation suggests active MKE conversion pro

cesses are occlrring on and between the two transects. For example, an
MKE peak was found at transect 4 in May 2018, when the MKE at
transect 3 was anly a bout 33% of it and was near a minimum during the
same period. In contrast, EKE variations at transect 3 were Imore
correlated with EKE variation at transect 4 (r 0.57 with transect 4
leading by 21 days, suggesting an upstream propagating signal of EKE
between transects 3 and 4.

The barotropic conversion (BT) term stays mostly positive attransect
4 (Fig. 12¢, blue line), canfirming that part of the MKE is converted to
local EKE, and contributes to the incaease in EKE magnitude from
transect 3 to transect 4. Several notable peaks of MKE—EKE barotropic
conversion (B T) happened at transect 4 during May 2017, Jume 2017,
September —October 2017, July-August 2018, and October 2018. The
increases of EKE provides favorable conditions for the inverse baroclinic
energy conversion (EKE—-EPE) during the same periods except for
July. August 2018.

During May-August 20 18 monthly meanupper ocean MKE and EKE
fields (Fig. 13) indicate that while the GS shifted anshore at both tran
sects 3 and 4 it meandered offshare between the two transects (e.g
Fig. 13c). This offshore meander just downstream of Cape Hatteras
coincided with strong EKE between 35°N and 37°N (Fig 13g). This
unique GS meandering pattern in July-August 2018 reversed the baro
clinic energy conversion. Positive barotropic energy conversion (MKE
—EKE) and positive baroclinic ener gy conversion (EKE—EPE) induced
the lar gestEKE during the July-August 2018 at transect 4 (Fig. 12b, blue
line).

At Transect 3, two strong inverse energy cascade events from EKE to
MKE occurred in Jume 2017 and October 2018 (Fig. 12¢, black line).
These two mverse energy conversion events (EKE—-MKE) correspond to
the two lar gest offshore meanders of the GS in Jume 2017 and October
2018 near Cape Hatteras (Fig 7b, black line).

Far both transects 3 and 4, the EPE— EKE baroclinic conversions
oscillated around zero (Fig. 12d). Temporal variations of BC conversion
at transect 3 are smaller than at transect 4. Notably, lar gestbarotropic
conver sion (MKE -EKE) during September —-October 2017 at transect 4
carresponds very well to a peak of inverse baroclinic energy conversion
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(EKE —EPE) during the same period. Physically, this represents a process
alternating isopycnal depths and gradients in the ocean due to eddy
activity (e.g. Guo et al,, 2022).

The evolution ofB TandBC at transect 3 in AugustNovember 2017
can be understood by examining the upper ocean monthly mean MKE
and EKE fields (Fig. 14). At transect 3, the change of sign of BT energy
conversion (Fig 12¢, black line) is associated with offshore meandering
of the GS and am esoscale open ocean eddy that moved onshare, evolved
with various eddy intensity, and ultimately dissipated into the GS
(Fig. 14 upper row). This GS flow eddy interaction contributes to the
local incaease of MKE at transect 3 fram September—October 2017
(Fig. 12a).

At transect 4, the modulation of lar ge barotropic energy conversion
(MKE —EKE) and large inverse baroclinic energy conver sion (EKE—EFPE)
caused large fluctuations of EKE during August-November 2017. The
maximum BT ener gy conversion and inverse BC ener gy conversion in
September-October 2017 was also associated with GS meanders. From
the time series of GS offshore distance along the Oleander line (Fig 73,
black line), large GS offshore meanders occimred from July 2017 to
August 2017, and then an onshore intrusion event occimred in
September 2017.

This analysis highlights complex wvariations in ocean energetics
modulated by GS meanders and open ocean eddies. A more general
mesoscale ener getics budget analy sis (similar to Guo et al,, 2022), needs
to be pursued in a future study to better understand how ocean ener
getics in themixed layer aremodulated by eddy-mean flow interaction,
and by diabatic mixing that is associated with air-sea interactions and
interior diffusion.

4.2. Cross streamn volume, heat, and salt transport

Associated with large variations in GS kinematics and energetics are
significant material transports across the mean GS path. To quantify this
cross stream transport, velocity fields along the two year mean GS path
were derived from the DA model and then were rotated into the
tangential (U. positive being the GS's flowing direction) and normal
(Un. positive being landward) velocity components based on the local
arientation of the mean GS surface flow. The normal component of
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velodty (Un) was integrated in depth (z)and along-stream distance (s)
to yield the cross-stream upper 1000 m volume transport (Q):

] ]

0 1d0d

uy(s.€)dzds (12)

Similarly, the cross-stream upper 1000 m eddy heat and salt trans-
ponts (f) were calculated by integrating the flux (@) (Garvine et al,,
19 89; Gawarkiewicz et al,, 200 4; Chen and He, 2010):

WY,
&E ffsﬁszdsdz a3
1-% &
For the heat flux, @ is defined as
@=pcg(T — T)(Uy — Unp) 14}
For the salt flux, @ is defined as
X -1%5 (S—8,16Uy — Uy,y) as

where S, 7, Uyand are salinity, temperature, and cross-stream normal
velocity, respectively. pis water density and cgis the specific heat of sea
water. Subscript m denotes two-year mean values over 201 72018 along
the selected along-stream transects.

Thereare two scenariosat the landward (cyclonic) side of the GS that
can result in shoreward (positive) heat and salt fluxes.

1) GS offshare meander associated with shelf'/slope water export: an
offshore shift of the GS ora large shel wat er export event induces
transport of relatively cooler and fresher wat er from shelf /slope to-
ward the GSand the open ocean. During this scenario, (Te- T,), (Se-
S$n), and (Uy — Uyp) are negative (Uy is offshore). The resulting
positive represents landward heat (salt) flux induced by the seaward
transport of cooler (fresher) shelf waterinto the GS.

2) GS onshore intrusion: a shoreward shift of the GS results in (T — Ty,),
(5— S,), and (Uy— Uyy) being positive (Uy is onshare). The

12

resulting positive is generated by landward transport of warmer
(saltier) GS water onto the shelf.

While both seaward transport of relatively cool and fresh shelf /slope
waters and shoreward transport of relatively wann and salty GS waters
result in shareward heat and salt trans pornts north of Cape Hatteras, these
two scenarios have diff erent physical processes and can be differentiated
based on the sign of the cross-shore volume transport. Asan application,

0 s2
we computed the normalized cross-stream volume flux ;1 f f

H s
u(s;z)dsdz , heat and salt fluxes in the GS segment between point A
(intersection of transect 3 and the GS) and point B (intersection of
transect 4 and the GS; see Fig. 5). Throughout the two-year time series,
eddy heat and salt fluxes were predominately positive (onshore; Fig. 15
¢, d). The cross-stream volume flux time series (Fig. 15 a, b) show that
56% of the time the onshore (positive) transports of heat and salt
(including those peak transport events in April 2017, February 2018,
and July 2018) are due to GS onshore intrusions and meanders. The
remaining 44% of the time, the omshore transports of heat and salt
(including those events in September 2017 -January 2018, May—July
2018, and August-September 2018) are due to G5 offshare meander or
shelf /slope water export. The interaction between shelf circulation and
the GS therefare exerted a strong influence in modulating the magni-
tudesof ecross-stream volume, heat, and salt fluxes.

It is noted that the time series of volumee heat, and salt fluxes in
Fig 15are 30-day low-pass filtered. They therefare represent smoothed
renditions of ocean varability over the filter window. The snapshots
captured on September 17, 2017 (Fig. 16a), and January 18, 2018
(Fig. 16d), serve as illustrative examples of the GS’s offshare
meandering during SeptembezOctober 2017 and its onshore intrusion
during January-February 2018, respectively. On September 17, 2017,
the GS shifted offshare between 35.5 and 36 .5°N, causing the transport
of fresher shelf water (in the upper 100 m) and relatively fresh slope sea
water (between 200 m and 600 m) towards the open ocean (Fig. 16b).
The associated velodty anomaly for this offshare meander was negative
(Fig. 16¢), resulting in a significant landward cr oss-stream eddy salt flux
indicated by the positive (§ — $n)(Unx — Uy )- Similarly, on January 18,
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2018, as the GS intruded into the slope sea, its clockwise flowing cir-
culation transported saltier GS water onshore, as shown by the positive
salinityanomaly (§ — S, inthe upper 600 m starting from 200 lan along
the GS segment. The cross-stream normal velodty (Uy — Unm) was
mostly positive (Fig. 16f) between 150 km and 250 km, leading to a
large landward cross-stream eddy salt flux as well. A noteworthy point
worth highlighting here is that although the GS offshore meanders
associated with shelf /slope water export and the GS intrusions have
opposite signs in ther volume fluxes, they both contribute to the
onshore heat and salt transport. Together, they produce the
medominately-positive (onshore) cross-siream eddy heat and salt fluxes
off Cape Hatteras throughout the two-year study period.

It is noted that the volume, heat, and salt transport discussed above
are defined differently from Todd (2020b)’s MAB shelf export discus-
sion, which was based on repeated glider surveys along a shelf slope
transect. In this study, we focused on the cross-stream transport, where
the stream was defined by the mean GS path, as opposed to the shelf
slope in the glider-based analyses. While the event-driven fresh MAB
shelf water export and extremes as observed by gliders may not be fully
captured by owr analyses, the approach adopted can beg reflect all
ma jor events assodated with GS meanders. Two largest onshare volume
flux were fourd in April 2017 and January-February 2018, respectively.
In April 2017, the largest normalized heat and salt flux is assodated with
the largest positive (onshore) normalized cross-stream volume flux
From the time series of GS offshore distance along the transect off Cape
Hatteras and along the Oleander lines, the onshore intrusions of GS
occurred simultaneously along these two transects from late Match
through early April 2017. During the following months from April to
July 2017, the GS gradually meand ered off shore along the Cape Hatteras
transect and Oleanderline, thus the direction of normalized volume flux
changed from onshare to offshare. The second largest positive (onshare)
volume flux happened during January February 2018. Even though the
GS did not meander as much along the Cape Hatteras transect during
this period, there was a 150-km shoreward shift of GS along the
Oleander line, producing large onshare volume flux

volume normalized flux Anomaly

/
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Normalized Heat Flux

Normalized Salt Flux

=2
f u{s,zr]ds dz), b) volume flix anomaly, ¢) heat flux, and d) salt flux, calculated

H A
from the DA-modeled GS between points A and B (Fig. 5). All time series are 30-day low-pass filtered. Black dashed lines dencte zerovalue lines; blue salid lines
denote twoyear mean crossstream normalized volume flux

S. Summary and conclusions

We have developed an advanced data-assimilative (DA) ocean cir-
culation model toinvestigate GS variability and its impact on cross-shelf
transport during the PEACH program in 20172018. The modeling
system uses the strong constraint 4D variational data assimilation al-
gorithm and assimilates satellite-observed sea surface height and sea
surface temperature, as well as in situ temperature and salinity profiles.
The DA model reproduces the regional ocean state and G5 dynamicse
providing a powerful tool tofill spatial and temporal gaps in observa-
tions and to conduct circulation dynamics analysis that cannot be ach-
ieved directly from observations.

This highsesolution 4DVAR-based data-assimilative model with a
resolution of 1/15° degree, offers a more detailed representation of the
Guf Stream region compared to coarser resolution global assimilative
models like ECCO (Estimating the Circulation and Climate of the Ocean)
v4 and HYCOM (Hybrid Coordinate Ocean Model) global state estimate.
The model employs the ad joint 4DV AR process to adljust initial condi-
tions allowing for the dynamic assimilation of observations and
ensuring a close alignment with the real-world ocean state. This Gulf
Stream data-assimilative model s particularly well-suited for studying
energy conversion between mean circulation and eddy crculation, as
well as heat and salt transport n ear Cape Hatteras. Although the ROMS
4D-Var thearetically allows far ad justment of initial condition, bound-
ary conditions, and surface forcing, in practice, focusing solely on the
initial condition as a control variable facilitates easier implementation
and better interpretability of the 4DV AR system. Future advancements
in data assimilation include the dewelopment of ocean-atmosphere
coupled DA models and highresolution global DA models. Coupled
DA models play a crucdal role in understanding and predicting climate,
weather, and oceanic processes by capturing the interactions between
the ocean and atmosphere. The availability of high-quality oceanic
observational datasets and improved computational resources
contribute to the development of more accurate and highresolution
global ocean state estimates. For instance, the Swurface Water and
Ocean Topography (SWOT) mission provides sea surface height
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Fig. 16. Panels (a) and (d) show the daily surfac e velocity' figlds on September 17, 2017, and January 18, 2018, regecti vely. The 200 m isobath is rejresent ed by
white solid lires, and the o yea mean Gulf Siream (GS) path is indicated by bhack dased lires Transects 3 and 4 are denoted by mage nta so 1l linee The GS
segment between points A and B is used for cal culating cro ss sweam heat and sa it fluxe s Panel® (b) and ( ¢) prese nt anomalies of salinity* and normal velodn- alang
the GS e gmentfrom A to B on September 17, 2017, while panels (e) and () show the same for January 18, 2018. Positive veloc ity indicates a landward direction,

while segative velocit- indicates a se award direct on.

measurements with a spatial resolution of approximately 1 lan for the
open ocean. Incorporating new types of ocean observations, such as
SWOT data, is expected to enhance model representation of smallscale
ocean features like eddies, currents, and coastal processes.

The goals of this study are the implementation of the data
assimilative model, model skill assessment, the mean properties of the
GS and its variability near Cape Hatteras. Based on the daily 24 month
DAmodel output, severalnew and expanded analyses can be pursued: 1)
The GS path presents different spatial and temporal variability both
upstream (Bane and Brooks, 1979;Lee etal, 1991; Gulaetal,, 2015) and
downstream (Tracey and Watts, 1986; Savidge, 2004) of Cape Hatteras.
Futire studies should examine GS path variability from the Florida
Current through the GS extensionregion. 2) Similarly, the variability of
GS energetics and energy conversion need to be examined along the
entire GS path. 3) How do the MAB shelf/slope sea circulation and
shelf,’slope water masses affect GS onshore intrusion? During the
two-year study period, two large GS intrusions were identified by the
onshare volume flux (Fig. 15a) in April 2017 and in January-February
2018. This is consistent with analysis of Todd (2020Db), which provided
glider based observational evidence of the cessation of export of MAB
south of 37°N. Detailed dynamics of the shelf water and GS interaction
on the synoptic time scale need to be examined in conjunction with
other in situ observations.

We validated the model with standard metrics and novel higher
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arder metrics, including GS positionand GS kinetic energy. Identifica
tion of GS position by the conventional 25 cm SSH contowur approach
and the maximum SSH gradient approach show consistent resultsalong
the Oleander line, but some discrepancies along tramsect 3 off Cape
Hatteras. Caution is needed when applying different methods and data
sets in identifying GS positions. The maxdmum SSH gradient, which
identifies the core of the GS, was the approach adopted in this DA
modeling study to examine the spatiotemporal variability of the GS. The
GS surface MKE and EKE from three data s ets (satellite al timetry, glider
observations, and DA model output) were compared. The DA model and
gliderbased estimates agreed well. However, satellite observations
underestimated the GS eddy kinetic ener gy, especially in the SAB. Three
dimensional MKE and EKE were estimated by the model. A general
consistency in subsurface MKE and EKE pattemns was found between the
glider observations and the DA model. The model underestimated EKE
magnitude and tended to distribute energy deeper in the water colimmn
(especially at transect 4) than its observational counterpart. The
discrepancy in horizontal and vertical resolution between the DA model
and glider observations may have contributed to this difference.

The resulting daily ocean reanalyses were used to quantify the ld-
netic energy conversions and the cross stream eddy heat and salt fluxes
over the twoyear study period. Our major findings are.
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1) Modulations of the GS MKE and EKE were diagnosed by examining
the energy conversions among MKE, EKE, and EPE through baro
tropic and baroclinic conversions. Significant inverse energy
cascading (EKE-MKE and EKE—-EPE) occurs diring GS eddy in
teractions, and especially diring onshore intrusions a offshore
meanderings of the GS. The two lar gest of fshore meanders of the GS
near Cape Hatteras led to the two largest inverse barotropic con
version events in June 2017 and October 2018.

Throughout the two-year study period, the cross stream eddy heat
and salt fluxes off Cape Hatteras were predominately positive
(onshare). Both the GS offshare meanders, associated with shelf/
slope water export, and the GS intrusions contributed to this anshore
heat and salt transport. The threelar gest anshore vdume flux events
induced large eddy heat and salt fluxes diring April 2017 and
January-February 2018, while increasing offshore volume fhux from
July through October 2017 was responsible for the steadily
mcreasing eddy heat and salt fluxes during that period.

2)

In summary, the GS has complex temporal spatial variability in its
kinematics and ener getics and exerts a major impact on the cross shelf
transport of material properties between the continental shelf and
deep ocean. Such complexity poses a significant challenge when
attempting to fully capture the GS evolution and dynamics using scat
tered measurements or satellite observations alone. Jmproved under
standing and prediction of GS variability and its impact on coastal
circulation require advanced observational mfrastructure combining
fixed, mobile, and shorebased observing components and high
resolution models, together with sophisticated techniques for data
assimilatiorl. Aswe look for ward to our future work, the implementation
of a weak-constraint 4D Var approach s an important next step for
addressing DA model sensitivity to boundary conditions and surface
forcing as well. The development of a nested model also gains criticality
as we strive for enhanced model representation of both mesoscale and
submesoscale ocean processes. These advancements contribute to the
d ataassimilative modeling investigation of the Gulf Stream
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distributed by the Copemnicus Marine and Environment Monitoring
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