Chapter 21
Dynamical Evaluation of Ocean Models Using
the Gulf Stream as an Example
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Abstract The Gulf Stream is the focus of an effort aimed at dynamical understand-
ing and evaluation of current systems simulated by eddy-resolving Ocean General
Circulation Models (OGCMs), including examples with and without data assimila-
tion and results from four OGCMs (HYCOM, MICOM, NEMO, and POP), the
first two including Lagrangian isopycnal coordinates in the vertical and the last two
using fixed depths. The Gulf Stream has been challenging to simulate and under-
stand. While different non-assimilative models have at times simulated a realistic
Gulf Stream pathway, the simulations are very sensitive to small changes, such as
subgrid-scale parameterizations and parameter values. Thus it is difficult to obtain
consistent results and serious flaws are often simulated upstream and downstream
of Gulf Stream separation from the coast at Cape Hatteras. In realistic simulations,
steering by a key abyssal current and a Gulf Stream feedback mechanism constrain
the latitude of the Gulf Stream near 68.5°W. Additionally, the Gulf Stream follows
a constant absolute vorticity (CAV) trajectory from Cape Hatteras to ~70°W, but
without the latitudinal constraint near 68.5°W, the pathway typically develops a
northern or southern bias. A shallow bias in the southward abyssal flow of the Atlan-
tic Meridional Overturning Circulation (AMOC) creates a serious problem in many
simulations because it results in abyssal currents along isobaths too shallow to feed
into the key abyssal current or other abyssal currents that provide a similar pathway
constraint. Pathways with a southern bias are driven by a combination of abyssal
currents crossing under the Gulf Stream near the separation point and the increased
opportunity for strong flow instabilities along the more southern route. The associ-
ated eddy-driven mean abyssal currents constrain the mean pathway to the east. Due
to sloping topography, flow instabilities are inhibited along the more northern routes
west of ~69°W, especially for pathways with a northern bias. The northern bias
occurs when the abyssal current steering constraint needed for a realistic pathway is
missing or too weak and the simulation succumbs to the demands of linear dynam-
ics for an overshoot pathway. Both the wind forcing and the upper ocean branch of
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the AMOC contribute to those demands. Simulations with a northern pathway bias
were all forced by a wind product particularly conducive to that result and they have
a strong or typical AMOC transport with a shallow bias in the southward flow. Sim-
ulations forced by the same wind product (or other wind products) that have a weak
AMOC with a shallow bias in the southward limb exhibit Gulf Stream pathways
with a southern bias. Data assimilation has a very positive impact on the model
dynamics by increasing the strength of a previously weak AMOC and by increas-
ing the depth range of the deep southward branch. The increased depth range of the
southward branch generates more realistic abyssal currents along the continental
slope. This result in combination with vortex stretching and compression generated
by the data-assimilative approximation to meanders in the Gulf Stream and related
eddies in the upper ocean yield a model response that simulates the Gulf Stream-
relevant abyssal current features seen in historical in situ observations, including
the key abyssal current near 68.5°W, a current not observed in the assimilated data
set or corresponding simulations without data assimilation. In addition, the model
maintains these abyssal currents in a mean of 48 14-day forecasts, but does not
maintain the strength of the Gulf Stream east of the western boundary.

21.1 Introduction

Ocean models run with atmospheric forcing but without ocean data assimilation
are useful in studies of ocean model dynamics and simulation skill. Models that
give realistic simulations with accurate dynamics, when run without data assimi-
lation, are essential for eddy-resolving ocean prediction because of the multiple
roles that ocean models must play in ocean nowcasting and forecasting, including
dynamical interpolation during data assimilation, representing sparsely observed
subsurface ocean features from the mixed layer depth to abyssal currents, convert-
ing atmospheric forcing into ocean responses, imposing topographic and geometric
constraints, performing ocean forecasts, providing boundary and initial conditions
to nested regional and coastal models, and providing forecast surface temperature to
coupled atmosphere and sea ice models. A wide range of ocean dynamics contribute
to these different roles. Here we focus on evaluating and understanding the dy-
namics of mid-latitude ocean currents simulated by state-of-the-art, eddy-resolving
ocean general circulation models (OGCMs), using the Gulf Stream as an example.

Dynamical understanding and evaluation of current systems simulated by OGC-
Ms has been a challenge because of the complexity of the models and the current
systems, a topic discussed in recent reviews by Chassignet and Marshall (2008)
and Hecht and Smith (2008) in relation to the Gulf Stream and North Atlantic. In
some regions greater progress has been made. Tsujino et al. (2006) investigated the
dynamics of large amplitude Kuroshio meanders south of Japan. Usui et al. (2006)
used the same model to make Kuroshio forecasts from a data-assimilative initial
state, typically demonstrating 40 to 60-day forecast skill south of Japan. Usui et al.
(2008a, b) also used the model in dynamical studies of a 1993—-2004 data-assimila-
tive hindcast. Hurlburt et al. (2008b) examined OGCM dynamics and their relation
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to the underlying topography in studying mean Kuroshio meanders east of Japan
and mean currents in the southern half of the Japan/East Sea. The simulations were
consistent with observations and with dynamics found in purely hydrodynamic
models with lower vertical resolution and vertically-compressed but otherwise real-
istic topography confined to the lowest layer. Consistent with observations (Gordon
et al. 2002), the same Japan/East Sea OGCM simulation modeled the dynamics of
intrathermocline eddy formation in that region, as discussed in Hogan and Hurlburt
(2006). These are dynamics that could not be simulated by the purely hydrodynamic
model. Hurlburt et al. (2008b) also investigated OGCM dynamics in simulating the
Southland Current system east of South Island, New Zealand, where the topography
of the Campbell Plateau and the Chatham Rise intrude well into the stratified ocean
so that the design of the low vertical resolution model did not apply. In that case
an alternative approach was used to investigate the dynamics. Recent observational
evidence was sufficient to provide strong support for the results of the study.

In dynamical evaluation of the Gulf Stream simulations by eddy-resolving glob-
al and basin-scale OGCMs, we adopt an augmented version of the approach used
by Hurlburt et al. (2008b) for OGCM simulations of the Kuroshio and Japan/East
Sea. Thus we build from an explanation of Gulf Stream separation from the western
boundary and its pathway to the east in Hurlburt and Hogan (2008). This explana-
tion was derived using results from a 5-layer hydrodynamic isopycnal model with
vertically-compressed but otherwise realistic topography confined to the lowest
layer. It was tested versus observational evidence and theory, parts of the latter con-
tributing directly to the explanation. In Sect. 21.2 we discuss the explanation and
related 5-layer model results, theory, and observational evidence. In Sect. 21.3 we
evaluate Gulf Stream dynamics in eddy-resolving OGCM simulations by the HY-
brid Coordinate Ocean Model (HY COM) (Bleck 2002), the Miami Isopycnic Coor-
dinate Ocean Model (MICOM) (Bleck and Smith 1990), the Nucleus for European
Modelling of the Ocean (NEMO) (Madec 2008), as used in the French Mercator
ocean prediction effort, and the Parallel Ocean Program (POP) (Smith et al. 2000).
Both simulations with a realistic Gulf Stream and those with a variety of unrealistic
features are assessed and specific deficiencies are identified. In Sect. 21.4 we assess
the impacts of data assimilation on variables relevant to Gulf Stream dynamics that
are sparsely observed, in some cases not observed at all in real time. Are realistic
model dynamics maintained in data-assimilative models? Are unrealistic dynamics
improved? What are the impacts of dynamics on Gulf Stream forecast skill?

21.2 Dynamics of Gulf Stream Boundary Separation
and Its Pathway to the East

21.2.1 Linear Model Simulation of the Gulf Stream

As an initial step, we examine a linear equivalent barotropic solution with the same
wind forcing and upper ocean transport for the Atlantic meridional overturning cir-
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culation (AMOC) as the nonlinear solutions discussed in Sect. 21.2. The model
boundary is located at the shelf break and the resolution is comparable to that used
in nonlinear solutions discussed later in this chapter. The spun up mean solution
has a Sverdrup (1947) interior, Munk (1950) western boundary currents and is con-
sistent with the Godfrey (1989) island rule, except that, unlike Munk (1950), the
solution is obtained by running a numerical model with horizontal friction applied
everywhere.

Figure 21.1 depicts the mass transport streamfunction from a 1/16° 1.5 layer lin-
ear reduced-gravity simulation (with the lower layer infinitely deep and at rest)
forced by the smoothed Hellerman and Rosenstein (1983) wind stress climatol-
ogy plus the northward upper ocean flow of a 14 Sv AMOC. In comparison to the
overlaid mean IR northwall pathway that lies along the northern edge of the Gulf
Stream, the linear solution gives two unrealistic pathways, a broad one centered
near the observed separation latitude (35.5°N) that extends eastward and a second
one with nearly the same transport extending northward along the western bound-
ary. The eastward pathway is wind-driven (~22 Sv) and the northward pathway has
a 14 Sv AMOC component plus an 8 Sv wind-driven component, but both pathways
contribute to a situation where ~31 Sv out of 44 Sv (~70%) separate from the west-
ern boundary north of the observed separation latitude. From Fig. 21.1 it is easy to
appreciate the challenge of simulating an accurate nonlinear Gulf Stream pathway
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Fig. 21.1 Mean transport streamfunction (V) from a 1/16°, 1.5-layer linear reduced-gravity simu-
lation forced by the smoothed Hellerman and Rosenstein (1983) wind stress climatology and the
northward upper ocean flow (14 Sv) of the Atlantic meridional overturning circulation (AMOC),
forcing used for all of the simulations in Sect. 21.2. The contour interval is 2 Sv. A 15-year mean
(1982-1996) Gulf Stream IR northwall pathway+tle by Cornillon and Sirkes (unpublished) is
overlaid. This pathway has 0.1° longitudinal resolution and is based on an average of 674 data
points per 0.1° increment between 76° and 55°W. An earlier analysis of this frontal pathway and
its variability (based on data from 1982-1989) is discussed in Lee and Cornillon (1996). The
streamfunction shown here covers the 9—47°N model domain used by all the nonlinear simulations
discussed in Sect. 21.2. (From Hurlburt and Hogan 2008, as adapted from Townsend et al. 2000)
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in an ocean model. See Townsend et al. (2000) for linear solutions from 11 different
wind stress climatologies.

21.2.2 Impacts of the Eddy-Driven Abyssal Circulation and the
Deep Western Boundary Current (DWBC) on Gulf Stream
Boundary Separation and Its Pathway to the East

It has been a popular theory, proposed by Thompson and Schmitz (1989), that the
DWRBC affects Gulf Stream separation from the western boundary as it passes un-
derneath. To investigate this hypothesis Hurlburt and Hogan (2008) used a nonlin-
ear 5-layer hydrodynamic isopycnal model covering the same domain shown in
Fig. 21.1. They also used monthly climatological wind forcing and included a 14 Sv
AMOC, the latter via inflow and outflow ports in the northern and southern bound-
aries. Figure 21.2 depicts the mean sea surface height (SSH) from six simulations.
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Fig. 21.2 Mean SSH from six 5-layer Atlantic Ocean simulations (9-47°N) zoomed into the Gulf
Stream region between Cape Hatteras and the Grand Banks. The simulations depicted in a, ¢ and
e include a DWBC while those in b, d and f do not. a and b Depict results from 1/16° simula-
tions. c—f From corresponding 1/32° simulations. a—d With a coefficient of quadratic bottom fric-
tion, C,=0.002. d and f with a 10x increase to C,=0.02. The northward upper ocean flow of the
AMOC is included in all six simulations. The Laplacian coefficient of isopycnal eddy viscosity
is A=20 (10) m%s for the 1/16° (1/32°) simulations. The SSH contour interval is 8 cm. The mean
Gulf Stream IR northwall pathway *1¢ by Cornillon and Sirkes is overlaid on each panel. For
more information about the simulations used in Sect. 21.2, see Hurlburt and Hogan (2008). (From
Hurlburt and Hogan 2008)
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The northward upper ocean component of the AMOC resides in the top 4 layers and
is always included, while the DWBC residing in the abyssal layer is included in the
simulations in the left column of Fig. 21.2 and turned off in the simulations in the
right column. Since the model is purely hydrodynamic, the DWBC can be turned
off without altering the watermass characteristics. In the three rows of Fig. 21.2 the
model resolution is varied in tandem with the horizontal friction and in the bottom
row the bottom friction is increased 10-fold to damp the eddy-driven abyssal cir-
culation. East of 68°W all of the simulations give similar, generally-realistic Gulf
Stream pathways, except near 50°W, where the simulations with a DWBC exhibit
two mean pathways (inner and outer meanders) at the location of the Gulf Stream
transition to the North Atlantic Current as it rounds the southern tip of the Grand
Banks, a phenomenon discussed dynamically in Hurlburt and Hogan (2008). All
three of the simulations with a DWBC and one of the simulations without it exhibit
a realistic mean Gulf Stream pathway west of 68°W, but the other two simulations
without a DWBC exhibit pathways that overshoot the observed separation latitude
in accord with the constraint of linear theory on the flow. These results indicate an
abyssal current impact on the pathway west of 68°W.

To investigate the impacts of abyssal currents on the Gulf Stream pathway, we
use a two-layer theory for abyssal current steering of upper ocean current pathways
(Hurlburt and Thompson 1980; Hurlburt et al. 1996, 2008b). In a two-layer model
with no diapycnal mixing, the continuity equation for layer 1 is

hy+vy-Vh +h;V-v; =0, (211)

where h, is upper layer thickness, | is the time derivative and v, is the velocity in
layer i. The geostrophic component of the advective term in (21.1) can be related to
the geostrophic velocity (Vig) in layer 2 by

Vig - Vh[ = Vg - Vh], (212)
because from geostrophy,

k x f(vig — vag) = —g'Vhy, (21.3)

Vig~Vag is parallel to contours ofh,. In (21.3) kis a unit vector in the vertical, f=2cwsinf
is the Coriolis parameter, o is the Earth’s rotation rate, & is latitude, g'=g(p,—p,)/p, is
the reduced gravity due to buoyancy, g is the gravitational acceleration of the Earth,
and p, is the water density in layer i. Since geostrophy is typically a very good ap-
proximation outside the equatorial wave guide and normally near-surface currents
are much stronger than abyssal currents, then usually |v,»|v,|, making Vh, a good
measure of v, under these conditions. From the preceding we see that abyssal currents
can advect upper layer thickness gradients and therefore the pathways of upper ocean
currents. Abyssal current advection of upper ocean current pathways is strengthened
when strong abyssal currents intersect upper ocean currents at nearly right angles,
but often the end result of this advection is near barotropy because the advection is
reduced as v, and v, become more nearly parallel (or antiparallel).

This theory has proven useful in understanding the dynamics of ocean models
with higher vertical resolution, when all of the following conditions are satisfied:
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(a) the flow is nearly geostrophically balanced, (b) the barotropic and first baroclin-
ic modes are dominant, and (c) the topography does not intrude significantly into
the stratified ocean. Additionally, the interpretation in terms of near-surface currents
applies when |v, . [»[v,, - |. Note the theory does not apply at low latitudes be-
cause of (a) and (b), but should be useful in large parts of the stratified ocean, even
where current systems are relatively weak, as seen in the well-stratified southern
half of the Japan/East Sea (Hurlburt et al. 2008b). While abyssal currents driven by
any means can steer upper ocean current pathways, baroclinic or mixed barotropic-
baroclinic instability is an important source of abyssal currents because baroclinic
instability is very effective in transferring energy from the upper to abyssal ocean.
These eddy-driven abyssal currents are constrained to follow the geostrophic con-
tours of the topography and in turn can steer the pathways of upper ocean currents,
including their mean pathways. This upper ocean—topographic coupling via flow
instabilities requires that the physics of baroclinic instability be very well resolved
in order to obtain sufficient downward transfer of energy. As a result, this type
of coupling is a key criterion in distinguishing between eddy-resolving and eddy-
permitting ocean simulations, in regions where it occurs (Hurlburt et al. 2008b).
Results from this model and ocean models discussed in Sect. 21.3 indicate that the
upper ocean—topographic coupling requires the first baroclinic Rossby radius of
deformation be resolved by at least 6 grid intervals and even higher resolution is
required for realistic eastward penetration of inertial jets. This coupling also high-
lights the need for eddy-resolving ocean models in ocean prediction systems and in
climate prediction models, as discussed in Hurlburt et al. (2008a, 2009).

Based on the preceding discussion, we look in Fig. 21.3 for abyssal currents west
of ~68°W that may advect the simulated Gulf Stream pathways in Fig. 21.2. We start
with the simulation shown in Figs. 21.2c and 21.3c because it has 1/32° resolution,
the standard bottom friction, and a DWBC. In that simulation abyssal currents pass
under the Gulf Stream near 68.5°W, 72°W, and the western boundary, all generally
southward. The abyssal currents near 68.5°W and 72°W cross under at large angles
and could clearly advect the Gulf Stream pathway, but the abyssal current adjacent
to the western boundary is nearly antiparallel as it crosses under the Gulf Stream, a
point noted by Pickart (1994) based on observations, and thus has a weak steering
effect on the Gulf Stream pathway. The corresponding simulation without a DWBC
(Figs. 21.2d and 21.3d) has nearly the same Gulf Stream pathway with an even
stronger abyssal current crossing under it near 68.5°W. The two other simulations
without a DWBC have only a weak mean abyssal current crossing under it at this
longitude (<3 cm/s), while all of the simulations with realistic Gulf Stream separa-
tion have a more robust abyssal current passing under the Gulf Stream near 68.5°W
(>4 cm/s). None of the simulations without a DWBC have an abyssal current cross-
ing under near 72°W, while all of the simulations with a DWBC have one fed by
two branches from the north side. The 1/32° simulations with a DWBC and standard
(Figs. 21.2c and 21.3c¢) or high bottom friction (Figs. 21.2e and 21.3¢) have nearly
the same Gulf Stream pathway between the western boundary and 68°W, but in the
simulation with high bottom friction the abyssal currents crossing under the Gulf
Stream near 72°W are extremely weak. Thus, the abyssal current crossing under the
Gulf Stream near 68.5°W is clearly the one that is essential for the model’s simula-
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tion of a realistic Gulf Stream pathway between the western boundary and 68°W.
Further, the DWBC is not necessary for simulation of a realistic Gulf Stream path-
way, but it augments the key abyssal current sufficiently for that to occur in the two
simulations with the weaker eddy-driven abyssal circulations.

The 1/32° simulation with standard bottom friction and a DWBC (Fig. 21.3c) is
used in a zoom of the mean abyssal currents with the addition of topographic con-
tours (Fig. 21.4a). The plotted contours are for the vertically-uncompressed (real) to-
pography to facilitate comparisons between model and observed abyssal currents in
relation to topographic features. Figure 21.4b depicts mean abyssal currents and un-
compressed topography from a corresponding 1/8° eddy-permitting simulation over
a larger region with the zoom region in Fig. 21.4a marked with a box. It should be
noted that eddy-resolving and eddy-permitting OGCMs with higher vertical resolu-
tion and thermodynamics are typically characterized by their equatorial resolution,
whereas the simulations in Sect. 21.2 are characterized by mid-latitude resolution.
Thus, the corresponding equatorial resolution of the simulations in Fig. 21.4a, b
would be 1/24 and 1/6°, respectively.

Unlike the 1/32° simulation (Fig. 21.4a), the abyssal circulation in the 1/8° mod-
el is dominated by the DWBC, which crosses under the observed location of the
Gulf Stream near 72°W, and the eddy-driven abyssal circulation is extremely weak
(Fig. 21.4b). In particular, the 1/8° model does not simulate the key abyssal current
near 68.5°W. The DWBC augments this current in two of the simulations (Fig. 21.3a,
e) because the DWBC and the eddy-driven abyssal circulation interact and become
intertwined in the eddy-resolving simulations. The surface circulation in the 1/8°
model is basically a wiggly version of the linear solution (Hurlburt and Hogan 2000,
their Fig. 4a), who also present numerous model-data comparisons for the 1/16°
simulation in Figs. 21.2a and 21.3a and the 1/32° simulation in Figs. 21.2c and 21.3c.

In addition to the abyssal current adjacent to the western boundary, abyssal cur-
rents are seen crossing under the Gulf Stream via three different pathways centered
over different isobaths between the western boundary and 68°W. North of the Gulf
Stream these pathways are centered over the 4,200, 3,700 and 3,100 m isobaths, the
first crossing under near 68.5°W, the other two crossing under in a confluence near
72°W. All three abyssal currents cross isobaths to deeper depths while passing under
the Gulf Stream. They do this to conserve potential vorticity in relation to the down-
ward north to south slope of the base of the thermocline in accord with the theory of
Hogg and Stommel (1985). The two currents over deeper isobaths retroflect toward
the east and then take a variety of simple to complex pathways into the ocean interior
(complex even in the mean, e.g. Fig. 21.3c). Ultimately all of these pathways emerge
from the interior as a single strong abyssal current along a gentle escarpment. That
current exits Fig. 21.4a near 72°W and rejoins the DWBC along the continental
slope near 33°N. In contrast, the branch centered over the 3,100 m isobath north of
the stream continues along the continental slope south of the stream (centered above
the 3,700 m isobath). Each cross-under pathway is influenced by specific features
of the topography and each also flows along one side of an associated eddy-driven
abyssal gyre centered directly beneath the Gulf Stream. These gyres are located
in regions where the slopes of the topography and the base of the thermocline are
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Fig. 21.4 a Zoom of Fig. 21.3c with (full amplitude, uncompressed) depth contours (in m) over-
laid to facilitate geographical co-location in the model-data comparisons. b Same as a but cover-
ing a larger region from a corresponding 1/8° simulation overlaid with a box outlining the region
covered by a. In the 1/8° simulation A=100 m?%/s and C, =0.002. (From Hurlburt and Hogan 2008)
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matched closely enough to create regions of quite uniform potential vorticity for
abyssal currents, as shown in Hurlburt and Hogan (2008). The shallowest and west-
ernmost gyre is anticyclonic, while the two associated with eastward retroflections
into the interior are cyclonic, all three in accord with the sign of the relative vorticity
generated due to topographic constraints on the pathways of the associated abyssal
currents as they cross under the Gulf Stream (shown in Hurlburt and Hogan 2008).

21.2.3 Observational Evidence of Abyssal Currents in the Gulf
Stream Region

Figure 21.5 (bottom) (from Johns et al. 1995) presents observational evidence for
the key abyssal current crossing under the Gulf Stream near 68.5°W, including cur-
rent speeds similar to the model, currents crossing isobaths to deeper depths be-
neath the Gulf Stream, and a closed cyclonic circulation. Additionally, the currents
above the shallowest isobaths within the observational array flow along isobaths
that would feed into the retroflecting abyssal current that crosses under the Gulf
Stream near 72°W. Figure 21.6 (from Pickart and Watts 1990) provides a composite
of historical abyssal current measurements 100-300 m above the bottom. It pro-
vides striking evidence of the complete cyclonic abyssal gyre centered near 37°N,
71°W with current speeds similar to the model. Another salient observation is the
~12.5 cm/s west-southwestward current near 34.5°N, 71.1°W that corroborates the
strong abyssal current along the gentle escarpment in Fig. 21.4a (10.5 cm/s at the
same location in the model).

Like the model (Fig. 21.4a), the observation-based abyssal current schematic
of Schmitz and McCartney (1993, their Fig. 12a) depicts a retroflecting abyssal
current pathway that later rejoins the DWBC, in addition to a pathway that con-
tinues along the continental slope. These two pathways are also consistent with
Range and Fixing of Sound (RAFOS) float trajectories at 3,500 m depth discussed
in Bower and Hunt (2000). RAFOS floats that crossed under the Gulf Stream west
of ~71°W continued generally southward along a deeper isobath of the continental
slope, while floats crossing under east of ~71°W retroflected into the interior, most
of them taking complex eddying trajectories, but of the six retroflecting trajectories
shown in Bower and Hunt (2000, their Fig. 7), the one that crossed under at the lo-
cation of the key abyssal current (near 69°W) (their Fig. 7j) took an eddying trajec-
tory en route to a small amplitude double retroflection, first to the east (at 36.7°N,
70.1°W) and then to the west (at 36.0°N, 68.4°W) before rapidly following a nearly
straight-line trajectory along the gentle escarpment, an overall trajectory in good
agreement with the model mean in Fig. 21.4a and one that provides additional evi-
dence for the strong eddy-driven abyssal current along the gentle escarpment (seen
in the southern part of Fig. 21.4a). This abyssal current (also seen in Fig. 21.6) is
completely absent in the 1/8° eddy-permitting simulation (Fig. 21.4b), as are the ob-
served cyclonic abyssal gyre centered near 37°N, 71°W (Fig. 21.6) and the abyssal
current observed crossing under the Gulf Stream between 68° and 69°W (Fig. 21.5).
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Fig. 21.6 Mean current meter velocities 100-300 m above the bottom from historical measure-
ments collected in the middle Atlantic Bight. The record lengths of the measurements vary from 4
months to 2 years, and the box associated with each vector represents the uncertainty of the mean,
typically 1-2 cm/s. (From Pickart and Watts 1990)

21.2.4 Gulf Stream Separation and Pathway Dynamics,
Part I: Abyssal Current Impact

An eddy-driven abyssal current, the local topographic configuration, and a Gulf
Stream feedback mechanism constrain the latitude of the Gulf Stream near 68.5°W.
To help illustrate the steps explaining this statement, Fig. 21.7 depicts the mean
depth of the base of the model thermocline overlaid with the same mean abyssal
currents and topographic contours as Fig. 21.4a. The results are from the same 1/32°
simulation with a DWBC shown in Figs. 21.2¢, 21.3c, and 21.4a.

The steps in the explanation are (1) an eddy-driven abyssal current, possibly aug-
mented by the DWBC, approaches from the northeast and advects the Gulf Stream
pathway southward, i.e. prevents the overshoot pathway seen in Figs. 21.2b, f. (2)
To conserve potential vorticity, the abyssal current crosses to deeper depths while
passing under the Gulf Stream (Hogg and Stommel 1985), a feedback mechanism
that allows the Gulf Stream to help determine its own latitude. (3) Due to the topo-
graphic configuration, the passage to deeper depths requires curvature toward the
east and generation of positive relative vorticity. (4) Once the abyssal current be-
comes parallel to the Gulf Stream, further southward advection of the Gulf Stream
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Fig. 21.7 Same as Fig. 21.4a but with isotachs (in color) replaced by the mean depth at the base
of the model thermocline (in m) from the same simulation (in color), i.e. the mean depth of the
interface between layer 4 and layer 5 (the abyssal layer) from the 1/32° simulation depicted in
Figs. 21.2c and 21.3c. (From Hurlburt and Hogan 2008)

pathway is halted. (5) The local latitude of the Gulf Stream is determined by the
northernmost latitude where the abyssal current can become parallel to the Gulf
Stream. (6) Due to constraints of the local topographic configuration on this pro-
cess, the resulting local Gulf Stream latitude is not very sensitive to the strength of
the abyssal current, once it is sufficient to perform the advective role. However, the
results of these dynamics would be sensitive to the location of abyssal currents in
relation to the isobaths, the accuracy of the model in representing key topographic
features, and the depth change in the base of the thermocline across the Gulf Stream.

Essentially the same explanation can be applied to the effects of the abyssal
current crossing under the Gulf Stream near 72°W (when present and sufficiently
strong) and to abyssal currents that develop either cyclonic or anticyclonic curva-
ture and become either parallel or antiparallel to the Gulf Stream while crossing un-
derneath. However, the response to the abyssal current near 72°W is minimal as evi-
denced in Figs. 21.2 and 21.3 and an impact is visible only in the 1/32° simulation
with a DWBC and standard bottom friction (C,=0.002) (Fig. 21.2¢c). In Fig. 21.2¢
there is a straightening of the Gulf Stream pathway over ~73—70°W not seen in the
other figure panels. This phenomenon is also evident in the overlaid mean Gulf
Stream IR northwall frontal pathway and in the Gulf Stream pathway as depicted by
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the 12°C isotherm at 400 m depth, the latter shown in Watts et al. (1995). An expla-
nation for the slight impact of this abyssal current on this Gulf Stream simulation is
discussed in the next subsection.

Additionally, it should be noted that the scale of the eddy-driven mean abyssal
gyres beneath the Gulf Stream is similar to the width of the stream (Fig. 21.7) and
related to regions of nearly uniform potential vorticity beneath the stream (Hurl-
burt and Hogan 2008), where slopes of topography and the base of the thermocline
are quite well matched. These gyres are not related to mean meanders in the Gulf
Stream. In contrast, the Kuroshio exhibits two mean northward meanders just east
of where the Kuroshio separates from the coast of Japan, meanders that are dy-
namically related to eddy-driven mean abyssal gyres, as discussed in Hurlburt et al.
(1996, 2008Db).

21.2.5 Gulf Stream Boundary Separation as an Inertial Jet
Following a Constant Absolute Vorticity (CAV) Trajectory

Constraint of the Gulf Stream latitude near 68.5°W is not a sufficient explanation
of the Gulf Stream pathway between the western boundary and 69°W. Further, the
abyssal current crossing under the Gulf Stream near 72°W demonstrated little effect
on the pathway. Thus, there must be another essential contribution to Gulf Stream
pathway dynamics over that longitude range.

Using along-track data from four satellite altimeters, Fig. 21.8 depicts only a
narrow band of high SSH variability along the Gulf Stream west of 69°W, indicat-
ing a relatively stable pathway segment in that region. Thus, we test the relevance
of a particular type of theoretical inertial jet pathway, namely a CAV trajectory
(Rossby 1940; Haltiner and Martin 1957; Reid 1972; Hurlburt and Thompson
1980, 1982). In a nonlinear 1.5 layer reduced-gravity model, a CAV trajectory re-
quires a frictionless steady free jet with the streamline at the core of the current
following contours of constant SSH and layer thickness. The latter requires geo-
strophic balance so that conservation of potential vorticity becomes conservation
of absolute vorticity along a streamline at the core of the current. Accordingly, the
simulations in Fig. 21.2 were tested to see if (a) the mean path of the current core
in the top layer of the model (black line in Fig. 21.9) overlaid an SSH contour
(yellow-green line in Fig. 21.9) and (b) there was a narrow band of high SSH vari-
ability along the current core between the western boundary and 69°W (plotted in
color in Fig. 21.9).

Following Reid (1972) and Hurlburt and Thompson (1980, 1982), the CAV tra-
jectories were calculated from

cosa = CoS o, + 1/2y2/r2 —Y/Yos (21.4)

which is an integrated form of the differential equation that assumes the velocity at
the core of the current, v, is a constant and where r=(v /f)", f is the variation of
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Fig. 21.8 Along-track SSH variability from quasi-contemporaneous satellite altimeter data in 4
different orbits overlaid on topographic contours (depth in m), Jason-1 over the period 15 Jan.
2002-18 Oct. 2007, GFO over 15 July 1999—-12 Dec. 2007, Envisat over 24 Sept. 2002—29 Oct.
2007, and Topex in an interleaved orbit over 16 Sept. 2002—8 Oct. 2005. The tracks are overlaid
in the following order from fop to bottom: (1) Envisat, (2) GFO, (3) Jason-1, and (4) Topex inter-
leaved. (Provided by Gregg Jacobs, NRL). (From Hurlburt and Hogan 2008)

the Coriolis parameter with latitude, a is the angle of the current with respect to the
positive x-axis on a f-plane, y is the distance of the trajectory from the x-axis, y is
the trajectory radius of curvature, and the subscript _ indicates values at the origin of
the trajectory calculation (here at an inflection point where y  — o). The amplitude
(b) (here the northernmost point) of the trajectory in relation to the inflection points
can be calculated from

b =2rsin1/2a,. (21.5)

In order for the Gulf Stream to separate from the western boundary as a free jet
following a CAV trajectory, the CAV trajectory must be initialized with a trajectory
inflection (y, — o) located at the separation point. Since the angle of separation
(a,) is north of due east, the CAV trajectory must subsequently develop curvature
that is concave toward the south. If the simulation exhibits curvature to the north
after separation, then it does not separate from the western boundary as a free jet,
even through it may have one or more segments downstream that follow a CAV
trajectory.

The calculated CAV trajectories are overlaid as red curves on Fig. 21.9. Details
of the CAV trajectory calculations can be found in Table 2 of Hurlburt and Hogan
(2008). The speed at the core of the current (v,) near separation from the west-
ern boundary is 1.6—1.7 m/s in the 1/16° simulations and 1.9-2.0 m/s in the 1/32°
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Fig. 21.9 CAV trajectory analysis for Gulf Stream pathways simulated by the six simulations
illustrated in Fig. 21.2. The pathway of the maximum velocity at the core of the current (black
line), the closest SSH contour (yellow-green line), the corresponding CAV trajectory (red line with
a dot at the inflection point), the observed IR northwall frontal pathway + std. dev. (violet lines),
and the simulated SSH variability are overlaid on each panel. Due to the hierarchy of the overlaid
lines (light violet, red, black, yellow-green from top to bottom), lines on the bottom tend to be
obscured where close agreement occurs. That is particularly the case for the yellow-green SSH
contour west of ~68°W, where the core of the current overlaying a single SSH contour is a prereq-
uisite for the existence of a CAV trajectory. The SSH contour closest to the pathway of the velocity
maximum is skewed toward the north side of the model Gulf Stream as depicted in SSH and is
a—24 cm. b —16 cm. ¢ —28 cm, and d—f —24 cm. See the corresponding panels in Fig. 21.2. Near
the western boundary the Gulf Stream axis from Topex/Poseidon altimetry (Lee 1997) diverges
from the IR frontal pathway in accord with the model simulations of panels a, c, d, and e (see
Hurlburt and Hogan 2000, their Fig. 7). (From Hurlburt and Hogan 2008)
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simulations, in line with observations of 1.6-2.1 m/s reported in Halkin and Rossby
(1985), Joyce et al. (1986), Johns et al. (1995), Schmitz (1996), and Rossby et al.
(2005). A model mean v, over 75-70°W was used in the CAV trajectory calcula-
tions. The angle of separation is 5313° north of due east for the simulations with
a realistic pathway and the inflection points used to initialize the CAV trajectory
calculations are marked by red dots on the trajectories.

Between the western boundary and ~70°W, the four simulations with a realistic
Gulf Stream pathway demonstrate close agreement between the model pathway, as
represented by v, and the corresponding CAV trajectory. However, the two simula-
tions with pathways that overshoot the latitude of the observed Gulf Stream pathway
exhibit curvature to the north immediately after separation and an inflection point
(red dot) located northeast of separation from the western boundary. That means
they do not separate from the western boundary as a free jet, but instead indicate
a strong influence from the constraints of linear dynamics (Fig. 21.1). Thus, CAV
trajectory dynamics alone are not sufficient to explain the Gulf Stream pathway be-
tween the western boundary and 69°W. However, they do explain the small impact
of the abyssal current crossing under the Gulf Stream near 72°W (Fig. 21.4a), be-
cause the abyssal current and the CAV trajectory give nearly the same Gulf Stream
latitude at that location (Fig. 21.9¢).

21.2.6 Gulf Stream Separation and Pathway Dynamics,
Part II: Role of CAV Trajectories

In the simulations with a realistic Gulf Stream, the mean pathway closely follows
a CAV trajectory between its separation from the western boundary and ~70°W.
The CAV trajectory depends on (1) the angle of boundary current separation (with
respect to latitude), as largely determined by the angle of the shelf break prior to
separation, (2) the speed at the core of the current, and (3) an inflection point located
where boundary current separation occurs.

21.2.7 Gulf Stream Separation and Pathway Dynamics,
Part I11: The Cooperative Interaction of Abyssal Currents
and CAV Trajectories

Neither abyssal currents nor CAV trajectories alone are sufficient to explain Gulf
Stream separation from the western boundary and its pathway to the east. Abyssal
current constraint of the Gulf Stream latitude near 68.5°W, in conjunction with the
topographic configuration and a Gulf Stream feedback mechanism, is not a suf-
ficient explanation of the Gulf Stream pathway between the western boundary and
68°W. Gulf Stream simulations with realistic speeds at the core of the current are
not sufficiently inertial (a) to overcome the linear solution demand for an overshoot
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pathway and (b) to obtain realistic separation without assistance from the abyssal
current near 68.5°W. Thus a CAV trajectory and the constraint on the latitude of the
Gulf Stream near 68.5°W work together in simulation of a realistic Gulf Stream
pathway between the western boundary and 68°W.

The eddy-driven abyssal circulation is sufficient to obtain the key abyssal cur-
rent, which was not simulated without it. The DWBC is not necessary, but did aug-
ment the key abyssal current and did assist the eddy-driven abyssal circulation in
effecting realistic Gulf Stream separation, when the latter was not strong enough by
itself. The impact of the DWBC on Gulf Stream separation was resolution depen-
dent, required at 1/16°, but not at 1/32° resolution.

Finally, the dynamical explanation is robust. As long as the speed at the core of
the current was consistent with observations and the key abyssal current was suf-
ficiently strong, the simulated Gulf Stream separation and its pathway to the east
were in close agreement with observations despite differences in model resolution,
bottom friction, strength of the abyssal circulation, and the presence or absence of a
DWRBC. Further, the explanation is consistent with a wide range of key observation-
al evidence in the upper and abyssal ocean, including a 15-year mean Gulf Stream
IR northwall pathway, the speed at the core of the current near Gulf Stream separa-
tion, the pattern of sea surface height variability from satellite altimetry, and mean
abyssal currents. Hurlburt and Hogan (2000) present a large number of additional
model-data comparisons for the simulations depicted in Fig. 21.2a, c.

21.3 Dynamical Evaluation of Gulf Stream Simulations
by Eddy-Resolving Global and Basin-Scale OGCMs

Significant success has been achieved in simulating the Gulf Stream pathway in
eddy-resolving basin-scale OGCMs with thermodynamics and higher vertical reso-
lution (20-50 layers or levels) than the 5 layers used in the hydrodynamic model
discussed in Sect. 21.2. However, the OGCM simulations have been very sensitive
to changes, such as subgrid scale parameterizations and parameter values. Thus, it
has been difficult to obtain consistent results and many simulations have exhibited
serious flaws (Paiva et al. 1999; Smith et al. 2000; Bryan et al. 2007; Chassignet
and Marshall 2008; Hecht and Smith 2008; Hecht et al. 2008). In this section we
perform a dynamical evaluation of eddy-resolving global and basin-scale OGCM
simulations of Gulf Stream separation and its pathway to the east. The immediate
goals are to better identify and understand the sources of success and failure, and in
Sect. 21.4 the impacts of data assimilation. So far, eddy-resolving global and basin-
scale ocean prediction systems have demonstrated only 10—15 day forecast skill in
the Gulf Stream region based on anomaly correlation >0.6 versus 30 days or more
in some regions (Smedstad et al. 2003; Shriver et al. 2007; Hurlburt et al. 2008a;
Chassignet et al. 2009; Hurlburt et al. 2009). Future goals are improved and more
consistently realistic simulations of the Gulf Stream, increased ability to nowcast
and forecast it on time scales up to a month, improved climate prediction in the Gulf
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Stream region, and increased efforts to understand OGCM dynamics and dynami-
cally evaluate their simulations in other regions.

A set of eddy-resolving global and basin-scale simulations from HYCOM, MI-
COM, NEMO, and POP is used in the evaluation (see Table 21.1). The resolution
and model domain range from 1/10° Atlantic to 1/25° global. In addition to simula-
tions with a realistic Gulf Stream pathway and dynamics consistent with observa-
tions, simulations with several types of flaws are evaluated, including (a) a realistic
pathway with unrealistic dynamics, (b) overshoot pathways, (¢) premature separa-
tion south of Cape Hatteras (the observed location), (d) pathways that separate at
Cape Hatteras but have a pathway segment that is too far south east of the separation
point, (¢) pathways that bifurcate at or after separation, and (f) pathways impacted
by unrealistic behavior upstream of the separation point, such as excessive vari-
ability or persistent large seaward loops ecast of the observed mean pathway. All
four of the models used here have simulated a variety of Gulf Stream pathways, as
illustrated here and in the references cited above.

To streamline the evaluation for the purpose of this discussion, we focus on the
following: (1) To evaluate the mean path, mean SSH from the model is overlaid
by the 15-year mean Gulf Stream IR northwall pathway+1o (standard deviation)
by Cornillon and Sirkes (unpublished). This frontal pathway has 0.1° longitudinal
resolution and lies along the northern edge of the Gulf Stream. (2) SSH variability is
used to look for a narrow band of high variability west of 69°W and, combined with
abyssal eddy kinetic energy (EKE), it is used to identify regions of baroclinic in-
stability. Thus these fields help identify the dynamics of Gulf Stream pathway seg-
ments and source regions for eddy-driven mean abyssal currents. (3) Mean speed at
the core of the current is used to assess whether or not the simulated Gulf Stream in-
ertial jet is consistent with observations near the western boundary. (4) The DWBC
(a term used to identify mean abyssal currents that are clearly part of the AMOC)
and eddy-driven mean abyssal currents are used to assess their impact in steer-
ing the Gulf Stream pathway and related upper ocean features. Depending on their
strength and location in relation to the isobaths, abyssal currents have the potential
to improve or increase the errors in the simulated pathways. (5) Both the strength
and depth structure of the AMOC can affect the Gulf Stream pathway. Increasing
the strength can make the simulated Gulf Stream more inertial, but can also increase
the tendency for an overshoot pathway based on linear dynamics. The depth struc-
ture of the AMOC influences the depths of the isobaths followed by the DWBC
and interactions between the DWBC and the eddy-driven abyssal circulation. (6)
The basin-wide linear solution response to the mean wind stress forcing yields the
constraints of linear dynamics on the strength and pathways of wind-driven currents
in the Gulf Stream region. CAV trajectories were not calculated because there is
sufficient proxy information to assess this from the mean pathway, the mean core
speed near separation, and the characteristic narrow band of SSH variability along
the Gulf Stream west of ~69°W.

In the dynamical evaluation we focus on a segment of the Gulf Stream that ex-
tends from 30°N, 80°W, upstream of the observed separation latitude near 35.5°N,
74.5°W, to about 68°W, and characterizations of accuracy refer to pathway segments
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and other features within this region, even though a larger region may be depicted
in some figures. In Sect. 21.3.1 we present the mass transport streamfunction from
linear simulations forced by wind stress products used in forcing the OGCM simu-
lations discussed later. In Sect. 21.3.2 we discuss four simulations with a realistic
Gulf Stream pathway and quite realistic Gulf Stream dynamics. In the remaining
subsections we discuss simulations with different types of flaws, outlined earlier, in-
cluding a simulation with a realistic Gulf Stream pathway but unrealistic separation
dynamics. In each case one to four examples are used to help illustrate the range of
simulated results and dynamics. None of the simulations in Sect. 21.3 include ocean
data assimilation. Additionally, simulations in Sects. 21.2 and 21.3.1 are character-
ized by mid-latitude resolution (in °), whereas OGCMs in Sects. 21.3 and 21.4 are
characterized by equatorial resolution, making 1/16° resolution in Sects. 21.2 and
21.3.1 approximately the same as 1/12° resolution for OGCMs in Sects. 21.3 and
21.4, ~7 km at mid-latitudes.

21.3.1 Linear model Gulf Stream Simulations from Wind Stress
Products Used for OGCMs in Sects. 21.3 and 21.4

Linear barotropic solutions were obtained for the wind stress forcing products used
by OGCM simulations discussed in Sects. 21.3 and 21.4. The solutions were ob-
tained with the same model used in Sect. 21.2.1, but here excluding a contribution
from the AMOC. Also, the model was run in barotropic, flat bottom mode rather
than reduced gravity mode, which yields the same mean transport streamfunction.
Figure 21.10 depicts the Atlantic mass transport streamfunction from 1/16° linear
barotropic simulations forced by several different wind products, but only covering
the latitude range of interest here. The wind stress products used to obtain the results
in Fig. 21.10 are (a) an interim European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis mean over the years 2004-2006, (b) mean operational
ECMWEF over 2004-2006, (c) a 1978-2002 climatology derived using an ECMWF
40-year reanalysis (ERA-40) (Kallberg et al. 2004) and (d) a 2003—2008 clima-
tology derived from the Navy Operational Global Atmospheric Prediction System
(NOGAPS) (Rosmond et al. 2002). In both (c) and (d) the wind stress was calculat-
ed from 10 m winds using a bulk formula from Kara et al. (2005) and with the 10 m
wind speeds corrected using a monthly QuikSCAT scatterometer climatology (Kara
etal. 2009). For (e) an ERA-15 (Gibson et al. 1999) climatology was used and in (f)
the ECMWF TOGA global surface analysis 1985-early 2001, based on operational

Fig. 21.10 Mean transport streamfunction (y) from 1/16° linear barotropic flat bottom simula-
tions forced by monthly mean wind stress from a An interim ECMWF reanalysis over 2004-2006.
b Operational ECMWF over 2004-2006. ¢ A 1978-2002 climatology from ECMWF ERA-40
with wind speed corrected by a QuikSCAT scatterometer climatology. d NOGAPS over 2003—
2008 also with the QuikSCAT correction. e An ECMWF ERA-15 climatology, and f An ECMWF
TOGA global surface analysis over 1998-2000. The contour interval is 1 Sv
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ECMWEF products, was used (Smith et al. 2000; Bryan et al. 2007). In the latter
10 m winds were converted to surface stresses using the neutral drag coefficient
of Large and Pond (1981). Note that 5 out of the 6 wind stress products are linked
to ECMWF and one to NOGAPS. Although a temporal mean of the interannual
wind products was used to force the linear simulations, otherwise the wind products
listed above were used in forcing the simulations listed in Table 21.1: (a) 1/12° At-
lantic NEMO, (b) 1/12° global NEMO, (c) all of the HYCOM simulations except
as noted, (d) 1/12° global HYCOM 19.0 and 74.2, (e) 1/12° Atlantic MICOM and
1/12° global HYCOM 5.8 and 60.5, and (f) 1/10° Atlantic POP.

The resulting streamfunctions are all generally similar in the Gulf Stream region
and quite different from that simulated using the smoothed Hellerman and Rosen-
stein (1983) wind stress climatology (Fig. 21.1). They separate from the western
boundary with transports ranging from 20 to 27 Sv versus 30 Sv from smoothed
Hellerman-Rosenstein. In all, a large majority of the streamfunction contours
separate from the western boundary north of the observed Gulf Stream separation
latitude (35.5°N) and at least 50% separate between 35° and 40°N and trend east-
northeastward after separation. The two wind stress products with the QuikSCAT-
corrected wind speeds give the strongest transports in Fig. 21.10 ((c) 26 Sv from
ERA-40/QuikSCAT and (d) 27 Sv from NOGAPS/QuikSCAT). It is significant
that almost all of the streamfunction contours driven by these two products leave
the western boundary north of the observed Gulf Stream separation latitude. In the
case of smoothed Hellerman-Rosenstein, 17 Sv leave the western boundary north of
35.5°N, suggesting an even stronger tendency for the wind stress products used in
Fig. 21.10c, d to drive an overshoot pathway in the OGCM simulations.

21.3.2 Simulations with a Realistic Gulf Stream Pathway

Figure 21.11 presents mean SSH and Fig. 21.12 SSH variability from four simu-
lations with a realistic Gulf Stream pathway in the segment of interest between
separation from the western boundary and 68°W. These are 1/12° Atlantic MICOM
(Figs. 21.11a, 21.12a), 1/12° global NEMO (Figs. 21.11b, 21.12b), 1/12° Atlantic
HYCOM (Figs. 21.11c, 21.12c), and 1/25° global HYCOM (Figs. 21.11d, 21.12d).
In the simulations, the mean IR northwall frontal pathway (in red) closely follows
the northern edge of the simulated Gulf Stream over the segment of interest and the
simulated pathway is generally realistic within the plot domain. In 1/12° Atlantic

Fig. 21.11 Mean SSH from simulations with a realistic Gulf Stream pathway: a 1/12° Atlantic
MICOM over 1982-1983. b 1/12° global NEMO over 2004-2006. ¢ 1/12° Atlantic HY COM-1.8,
years 3—6. d 1/25° global HYCOM-4.0, years 5-8 (see Table 21.1). The contour interval is 5 cm,
a contour interval for SSH used throughout Sects. 21.3 and 21.4. The mean Gulf Stream IR north-
wall frontal pathway +1¢ by Cornillon and Sirkes is overlaid in red on each panel and in red or
black on many other panels. Sep v=mean speed at the Gulf Stream core near separation from the
western boundary. Sep v is also given on other mean SSH and near surface current figure panels
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Fig. 21.12 Mean SSH variability from the same four simulations as Fig. 21.11. The contour inter-
val is 2 cm with white spanning 18-20 cm on all SSH variability figure panels
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MICOM (Fig. 21.12a) and HYCOM (Fig. 21.12c) there is an associated narrow
band of high SSH variability west of 69°W, as observed (Fig. 21.8). In 1/12° global
NEMO (Fig. 21.12b) and 1/25° global HYCOM (Fig. 21.12d) the band of SSH
variability remains relatively narrow west of 69°W, but in 1/12° global NEMO there
is a bulge in variability near 72°W and in 1/25° global HYCOM there is a broader
band of high variability over the segment of interest and higher variability than
observed south of the separation latitude. The blob of high variability near 72°W in
1/12° global NEMO (similar to that seen in Fig. 21.9¢, but not in satellite altimetry)
suggests that, as in the 1/32° simulation of Figs. 21.2c and 21.9c¢, the abyssal current
cross-under near 72°W is slightly perturbing the simulated Gulf Stream pathway. As
in Figs. 21.2¢, 21.11b depicts a straightening of the pathway segment between 73°
and 70°W in accord with the overlaid mean IR northwall pathway. In 1/25° global
HYCOM (Fig. 21.12d) the broader band of variability is a consequence of small
meanders generated south of the separation point that propagate into the segment
of interest and a slight northward progression of the simulated pathway over the
4-year mean (years 5-8 after initialization from climatology). To assess the inertial
character of the separating jet in relation to observational evidence, we use the Eule-
rian mean maximum speed at the core of the jet near the separation point, a relevant
location where pathway variability is quite low in most simulations. In comparison
to the observed range from 1.6 to 2.1 m/s, the 1/12° Atlantic HYCOM simulation
is within the observed range at 1.72 m/s, 1/12° Atlantic MICOM and 1/25° global
HYCOM are at the low end with 1.55 m/s, and 1/12° global NEMO is 12% below
the range at 1.41 m/s.

Although all of the simulations exhibit a realistic Gulf Stream pathway over
the segment of interest, overall, the 1/12° Atlantic MICOM simulation is in closest
agreement with the relevant observational evidence. Therefore, the other three sim-
ulations are discussed in relation to that one and the observational evidence. In rep-
resenting the mean abyssal currents, a depth average from ~3,000 m to the bottom
is appropriate. Except for MICOM, approximately that depth range was used for
all the simulations, but with bottom trapped currents often extended over slightly
shallower depths. In MICOM layer 15 is very thick. Since MICOM is isopycnal, the
layer interfaces vary in depth, but typically the top of layer 15 is ~2,000 m and the
bottom ~3,600 m deep. Although depths this shallow in some OGCM simulations
include features that are not bottom trapped (e.g. see Fig. 8 and related discussion
in Hecht and Smith 2008), such features are not evident when layer 15 is included
in the MICOM depth average over the abyssal layers (Fig. 21.13a). The current
segments that cross under the Gulf Stream to deeper depths near 72 and 68.5°W
are weaker by ~1 cm/s (one color contour) when layer 15 is included, but that is
the most negative effect. Otherwise, adding layer 15 gives a broader picture of the
MICOM abyssal circulation.

The mean abyssal circulation in MICOM (Fig. 21.13a) depicts the key abys-
sal current observed crossing under the Gulf Stream near 68.5°W (Fig. 21.5), the
observed cyclonic gyre centered near 37°N, 71°W, and the strong current along
the gentle escarpment observed at 34.5°N, 71.1°W (Fig. 21.6). It is also consistent
with the RAFOS float trajectory in Bower and Hunt (2000, their Fig. 7j) and the



572 H. E. Hurlburt et al.

42N

38N

Fig. 21.13 Mean abyssal currents (arrows) overlaid on their isotachs (in color with a 1 cm/s con-
tour interval and bathymetric depth contours at intervals of 200 (500) m at depths >(<) 3,000 m
from the same four simulations as Fig. 21.11). The reference vector length for the currents is
25 cm/s (black arrow over land). All panels with mean abyssal currents are labeled the same way,
except as noted

observation-based schematic in Schmitz and McCartney (1993, their Fig. 12a), both
described in Sect. 21.2.3. These features in MICOM are very similar to those in
Fig. 21.4a, including similar dual pathways approaching the Gulf Stream cross-
under near 72°W. In both cases the eastern pathway crosses under and retroflects
to the east, while the western one continues along the continental slope, the latter
via different pathways in MICOM and Fig. 21.4a. In MICOM the western pathway
follows a sharp westward turn in the 3,200 m isobath along the northern edge of
the simulated Gulf Stream, while in Fig. 21.4a it crosses under the Gulf Stream and
continues along the 3,600—4,000 m isobaths of the continental slope south of the
stream. RAFOS float trajectories at ~3,500 m depth in Bower and Hunt (2000, their
Fig. 7) support the existence of this deeper pathway along the continental slope,
which is missing in the MICOM simulation.
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All four of the simulations exhibit the cross-under pathway near 72°W, the dual
pathways feeding into it from the north side, the associated cyclonic abyssal gyre,
and west-southwestward flow along the gentle escarpment (Fig. 21.13). Except in
MICOM, this cross-under flow is augmented by an anticyclonic abyssal gyre on the
western side (also seen in Fig. 21.4a), most strongly in 1/12° global NEMO and pro-
gressively more weakly in 1/12° Atlantic HYCOM and 1/25° global HYCOM. Un-
like the MICOM and NEMO simulations, 1/12° and 1/25° HY COM simulate the ob-
served continuation of flow along the continental slope from the southern end of the
~72°W cross-under, in addition to the retroflection to the east simulated by all four.

All but 1/12° global NEMO simulate the key abyssal current near 68.5°W
(Fig. 21.5), most strongly in MICOM and with progressively weaker dual pathways
feeding in from the north side in 1/25° and 1/12° HY COM. As additional constraints
on the modeled Gulf Stream pathway, 1/12° global NEMO, 1/12° Atlantic HY COM,
and 1/25° global HY COM simulate abyssal Gulf Stream cross-under pathways near
67.5°W and 65.5°W not seen in MICOM and Fig. 21.4a. Before completely cross-
ing under the simulated Gulf Stream, both turn to become roughly antiparallel to
the model Gulf Stream in a west-southwestward direction along the 4,800—4,900 m
isobaths in NEMO and the 4,600—4,800 m isobaths in the two HYCOM simula-
tions. This abyssal current joins the observed pathway near 68.5°W, where it turns
southward. In the process it advects the southern edge of the model Gulf Stream
southward, forming the eastern edge of one lobe of the western nonlinear recircula-
tion gyre on the south side of the Gulf Stream in NEMO (Fig. 21.11b) and two lobes
in the two HYCOM simulations (Fig. 21.11c, d). This effect is not seen in the MI-
COM simulation (Fig. 21.11a) or the mean SSH (Fig. 21.2¢c) related to Fig. 21.4a.
These two simulations do not exhibit the two eastern cross-unders or the resulting
west-southwestward flow along the 4,600—4,900 isobaths between ~65.5°W and
~68.5°W. No observational evidence was found to confirm or dispute the existence
of these abyssal currents.

At>30 Sv in the latitude range of Fig. 21.11, the AMOC in MICOM (Fig. 21.14a)
is the strongest of all the simulations considered here, but at the same time the
mean speed of the current core near separation is relatively weak, suggesting a
relatively weak wind-driven contribution (Fig. 21.10e) and a strong contribution to
the abyssal circulation from the AMOC. The depth range of the incoming DWBC
(Fig. 21.13a) is conducive to the realistic abyssal current pathways simulated by
MICOM. The other three simulations have a ~20 Sv AMOC (Fig. 21.14b—d) and a
shallower southward abyssal limb.

21.3.3 Simulation with a Realistic Gulf Stream Pathway
and Unrealistic Dynamics

In Sects. 21.2 and 21.3.2 it was evident that ocean models could simulate a realistic
mean Gulf Stream pathway with generally realistic dynamics without exhibiting
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Fig. 21.14 Atlantic meridional overturning circulation (AMOC) streamfunction from the same
four simulations as Fig. 21.11. An AMOC streamfunction contour interval of 2.5 Sv is used
throughout. The AMOC is northward in the upper ocean and southward in the abyssal ocean

complete agreement with related observational evidence. Here we examine a simu-
lation with a realistic Gulf Stream pathway comparable to the present state of the
art. In our region of interest (the separation point to ~68°W) the mean pathway is
only slightly too far south (Fig. 21.15a). At 1.34 m/s the mean core speed of the
separating jet is 16% below the observed range of 1.6-2.1 m/s. The 12 Sv AMOC
over 35-40°N is weaker than found in Sect. 21.3.2 and its southward abyssal flow
is too shallow (not shown). As a result, abyssal currents along the continental slope
(Fig. 21.15¢c) are weaker than in any of the simulations shown in Fig. 21.13. The
abyssal current crossing under the Gulf Stream near 72°W is present, including the
two branches feeding in from the north side, but it is relatively weak. Cross-unders
farther to the east are extremely weak.

Then what are the dynamics of the separating jet? The large area of high SSH
variability west of 68°W (Fig. 21.15b) is a strong indication that the separation
is not associated with CAV trajectory dynamics. (1) The broad area of high SSH
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variability extending north and south of the mean pathway, (2) the large amplitude
southern recirculation gyre west of ~69°W (Fig. 21.15a), (3) the eddy-driven mean
abyssal gyre (circling 35°N, 72°N in Fig. 21.15¢) that is centered directly beneath
the surface gyre, and (4) the associated high deep EKE (not shown) are evidence
of strong baroclinic instability that encompasses the Gulf Stream and the strong
southern recirculation gyre.

The separating Gulf Stream pathway lies along the northern edge of the south-
ern recirculation gyre. The eddy-driven mean abyssal gyre lies over relatively
flat topography located between regions of sloping topography to the northwest
and southeast. The location of the eddy-driven mean abyssal gyre adjacent to the
southern edge of the separating jet and the location of the northwesternmost flat
topography suggest a topographic role in the pathway of the separating jet, be-
cause baroclinic instability and the eddy-driven abyssal gyre would be inhibited
if positioned farther north or south over sloping topography. In Sects. 21.2 and
21.3.2 some mean abyssal gyres lie over sloping topography directly beneath the
Gulf Stream, including examples of an anticyclonic abyssal gyre located north-
west of the anticyclonic gyre just discussed (see Figs. 21.4a and 21.13b—d). In
those simulations flow instabilities are limited to a narrow band of high variabil-
ity along the Gulf Stream (as observed in Fig. 21.8) and the mean abyssal gyres
form adjacent to Gulf Stream cross-unders in locations where the slopes of the
Gulf Stream thermocline base and the topography are closely enough matched
to permit regions of quite uniform potential vorticity. In flat bottom Gulf Stream
simulations a barotropic relationship is expected between eddy-driven mean
abyssal and upper ocean gyres with the mean Gulf Stream pathway along the
northern (southern) edge of southern (northern) recirculation gyres, as discussed
dynamically in Hurlburt and Hogan (2008), but in simulations with non-flat to-
pography the relationship between such gyres is not necessarily barotropic, as
illustrated in other subsections. Further, given the lack of abyssal current as-
sistance east of 72°W, one might anticipate an overshoot pathway. The linear
wind-driven simulation (Fig. 21.10c) gives the second strongest tendency for
an overshoot pathway of all the linear solutions in Figs. 21.1 and 21.10 (nearly
equal to the strongest tendency in Fig. 21.10d), but the 12 Sv AMOC is equal to
the weakest of the nonlinear simulations studied here. Returning to the abyssal
circulation, we see two relatively weak abyssal currents crossing southward un-
der the Gulf Stream to deeper depths on the north side of the eddy-driven abyssal
gyre. The western one crosses under the Gulf Stream between 73 and 74°W and
retroflects to the east along the northern edge of the eddy-driven abyssal gyre
and the boundary between the Gulf Stream and southern recirculation gyre. The
second one near 72°W crosses under without retroflecting and continues south-
ward along the eastern and southern edge of the eddy-driven abyssal gyre. Thus
these abyssal currents tend to counteract tendencies for a northward displace-
ment of the Gulf Stream and the adjacent southern recirculation gyre that lies
between ~75 and 68°W.

The preceding discussion demonstrates that the simulated Gulf pathway be-
tween the western boundary and ~69°W lies in a region of strong baroclinic
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instability. Thus, while the 4-year mean Gulf Stream pathway in Fig. 21.15a is
quite realistic, the dynamics of the separating jet are unrealistic. The simulation
is inconsistent with the observed SSH variability and relevant abyssal current
observations. The mean core speed near separation is below the range of obser-
vational evidence. The AMOC is too weak and its southward abyssal limb is too
shallow.

21.3.4 Simulations with a Pathway That Overshoots
the Observed Latitude

Pathways that overshoot the observed latitude of the Gulf Stream are more charac-
teristic of eddy-permitting OGCMs (Barnier et al. 2006; Bryan et al. 2007), but they
can also occur in eddy-resolving OGCMs, as shown in Barnier et al. (2006), Hecht
and Smith (2008), and Fig. 21.16. In the discussion of overshoot pathways, the
1/12° Atlantic HY COM simulation, shown in Figs. 21.16a, b and 21.17a, b, is used
as the pivotal experiment and the two global HYCOM simulations are discussed in
relation to this one. The 1/12° (Figs. 21.16e, fand 21.17¢, f) and 1/25° (Figs. 21.16c,
d and 21.17c, d) global HYCOM configurations are identical (including the ini-
tialization from climatology and the use of model years 9—10 after initialization),
except for the horizontal resolution, friction/diffusion parameters tied to resolution,
and the effects of resolution on the bottom topography. All three simulations use
the same wind stress forcing as the HY COM simulation in Sect. 21.3.3 with a weak
AMOC, but they use a later version of HYCOM and a modification to salinity re-
laxation designed to increase the AMOC.

The mean over years 3—6 of the pivotal simulation yielded a realistic Gulf
Stream pathway (Fig. 21.11c), but over time the simulation developed the over-
shoot pathway shown in the mean over years 11-13 in Fig. 21.16a. Due to the
modification of the sea surface salinity relaxation, the salinity in the Gulf Stream
and in pathways all the way to the Nordic Seas increased over time. As a result,
the salinity and density of the Denmark Straits overflow into the subpolar At-
lantic also increased. In addition, the strength of the AMOC increased from a
mean of ~22 Sv over years 3—6 (Fig. 21.14c) to ~27 Sv over years 11-13 in the
latitude range of interest (Fig. 21.17b). In the process the mean core speed of
the Gulf Stream near separation increased from 1.72 to 2.15 m/s, making it the
most inertial at separation of all the simulations considered and at the top end of
observational values.

We know from Sect. 21.2 that the AMOC contributes to the demands of linear
dynamics for an overshoot pathway, but why did that happen in the Atlantic HY-
COM simulation and not in the MICOM simulation, which has a slightly stron-
ger AMOC and a less inertial Gulf Stream near separation? Also, why did the two
global HYCOM simulations (with less impact from modified salinity relaxation)
develop an overshoot pathway with an AMOC of ~20 Sv and with only a 5% in-
crease over earlier periods (e.g. Fig. 21.14d vs. Fig. 21.17d for 1/25° global HY-
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Fig. 21.16 Mean currents at ~25 m depth (a, ¢, e) and mean abyssal currents (b, d, f) from three
simulations with a Gulf Stream pathway that overshoots the observed separation latitude, (a, b)
1/12° Atlantic HYCOM-1.8, years 11-13, (¢, d) 1/25° global HYCOM-4.0, years 9-10, and (e,
f) 1/12° global HYCOM-18.0, years 9-10 (Table 21.1). In all panels mean currents (arrows) are
overlaid on their isotachs (in color) with contour intervals of 10 (1) cm/s for near surface (abyssal)
currents and on depth contours. The reference current vector is 1 (0.25) m/s for near surface (abys-
sal) currents. The two global simulations are near twins designed to test the impact of increasing
the horizontal resolution
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Fig. 21.17 SSH variability (a, ¢, e¢) and mean AMOC streamfunction (b, d, f) from the same
simulations as Fig. 21.16

COM), when the overshoot did not occur (e.g., Fig. 21.11d vs. Fig. 21.16¢ for 1/25°
global HYCOM)? The three HYCOM simulations with an overshoot pathway all
used the ERA-40/QuikSCAT climatological wind stress forcing that gives a strong
tendency for an overshoot pathway based on linear dynamics; see Sect. 21.3.1 and
Fig. 21.10c. Further, the AMOC of the HYCOM simulations is relatively concen-
trated over depths of 2,000-3,000 m in the latitude range of Fig. 21.11, both before
(Fig. 21.14c, d) and after (Fig. 21.17b, d, f) developing the overshoot pathway, while
the AMOC from MICOM is more uniformly distributed with depth (Fig. 21.14a).
Correspondingly, the DWBC in the HYCOM simulations is concentrated along
shallower isobaths (Fig. 21.13c, d and Fig. 21.16b, d, f) than in the MICOM simu-
lation (Fig. 21.13a). As discussed in Sect. 21.2, that places a greater burden on the
eddy-driven abyssal circulation to generate the essential abyssal currents that cross
under the Gulf Stream, either directly (Figs. 21.2d and 21.3d) or through interaction
with the DWBC (Figs. 21.2a, e and 21.3a, ¢). To facilitate discernment of the rela-
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tionships between near-surface currents, abyssal currents, and the topography, mean
currents at the depth of the current core and mean abyssal currents are overlaid with
topographic contours and the mean northwall frontal pathway in the same region for
all three simulations (Fig. 21.16).

The northward penetration of the overshoot is greatest in the 1/12° Atlantic HY-
COM simulation (Fig. 21.16a), as expected from the strength of the AMOC. In
Fig. 16a the simulated Gulf Stream follows the shelf break and continental slope to
a location east of 72°W, where a ridge in the topography exists in the depth range
2,200-2,800 m. The other two (Fig. 21.16c, e) reach that point over deeper isobaths
of the continental slope, separated from the shelf break. At the location east of 72°W
the main core of the current separates from the steeper part of the continental slope
and the inshore portion continues along the shelf break and continental slope in all
three simulations, although a large portion of the inshore flow does that farther up
stream in Fig. 21.16e (1/12° global HYCOM). The source of this bifurcation is a
strong southward abyssal current nearly perpendicular to the Gulf Stream along the
eastern side of the ridge (Fig. 21.16b, d, f). Part of that current then becomes anti-
parallel to the Gulf Stream along the south side of the ridge. Since there is no ridge
inshore of ~2,200 m, the inshore portion of the bifurcation continues along the shelf
break. An additional portion on the inshore side of the stream joins the portion along
the shelf break between 69° and 67°W in Fig. 21.16a, c, where the joining current
flows nearly parallel to the isobaths and antiparallel to the underlying strong abyssal
currents (Fig. 21.16b, d).

At the location where the main core of the Gulf Stream separates from the steeper
continental slope in all three simulations, the underlying abyssal current also bifur-
cates (Fig. 21.16b, d, f). One branch continues westward along the continental slope
until most of it crosses southward under the Gulf Stream along the western slope
of a valley west of 72°W, while the second branch continues southward under the
Gulf Stream east of 72°W, again along the western slope of a valley. In the process
both abyssal currents cross isobaths from 2,600 to 3,600 m depth beneath the Gulf
Stream, in accord with the theory of Hogg and Stommel (1985), before all (part) of
them join a southwestward abyssal current along the 3,200-3,600 m isobaths that
flows nearly antiparallel along the southeastern side of the simulated Gulf Stream
in the Atlantic (global) simulations.

East of 71°W there is evidence that abyssal currents play a role in splitting the
main jet, with the northern branch continuing eastward along 38-39°N and the
southern branch forming a large mean meander in the 1/12° Atlantic (Fig. 21.16a,
b) and 1/25° global HYCOM (Fig. 21.16¢, d) simulations. In the 1/12° global
HYCOM simulation there is mainly a simple mean meander centered near 68°W
(Fig. 21.16e). In all three examples this is a region of high SSH variability with
evidence of eddy generation on the south side of the stream (Fig. 21.17a, c, ¢)
and high abyssal EKE (not shown). In addition, there is an eddy-driven abys-
sal gyre centered over a westward trough in the topography near 36.7°N, 68°W
(Fig. 21.16b, d, f). In the 1/12° global HYCOM simulation (Fig. 21.16e, f) the
Gulf Stream approaches the trough from the west at a slightly lower latitude than
the other two simulations and the abyssal gyre is centered directly beneath the
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mean meander in a baroclinic relationship such that the east side of the gyre tends
to advect the pathway northward, the northern and southern sides are antiparallel
and parallel, and the western side tends to advect the pathway southward. In the
other two simulations (Fig. 21.16a—d) the northern side of the abyssal gyre lies
within the path of the approaching Gulf Stream and the western side of the abyssal
gyre splits the jet, advecting the southern part southward while the northern side
continues eastward.

21.3.5 Simulation with Premature Separation
Jfrom the Western Boundary

The 1/12° Atlantic NEMO simulation exhibits premature separation from the west-
ern boundary near 34°N (Fig. 21.18a). Like the 1/12° Atlantic HY COM simulation
with an overshoot pathway in Sect. 21.3.4, the Gulf Stream core speed near separa-
tion is toward the high end of the observational evidence (1.9 m/s). However, in the
latitude range of the separated jet, the AMOC (Fig. 21.18c) is weaker than in the
MICOM simulation and the 1/12° Atlantic HY COM overshoot simulation and simi-
lar to most of the other simulations with a realistic or overshoot pathway. The linear
wind-driven contribution to the simulated Gulf Stream pathway again indicates a
tendency for an overshoot pathway (Fig. 21.10a), but a tendency that is weaker
than for the simulations in Sect. 21.3.4. In addition, most of the southward transport
of the AMOC lies between ~1,500 and 3,000 m south of 43°N, a depth structure
largely set by the southern boundary (not shown). Also, within the latitude range of
Fig. 21.18a a relatively large amount of deep water formation occurs compared to
the HY COM and MICOM simulations.

In Fig. 21.18d the relationship between the mean abyssal circulation (below
2,800 m) and the simulated Gulf Stream pathway is obvious, a mean abyssal cur-
rent crossing under the Gulf Stream where it separates from the western boundary.
In the process the abyssal flow crosses the 3,300-4,400 m isobaths. The cross-
under is fed by an abyssal current along the ~3,200-3,600 m isobaths as well as
abyssal currents along continental slope isobaths shallower than 2,800 m. A similar
abyssal current along the 3,200-3,600 m isobaths is seen in the 1/12° Atlantic HY-
COM simulation (Fig. 21.16b), but in that case the current lies east of the over-
shooting Gulf Stream pathway. The 1/12° Atlantic NEMO simulation is missing
abyssal currents along the 3,100 and 4,100—4,400 m isobaths that crossed under the
Gulf Stream in the MICOM simulation (Fig. 21.13a). It is missing the latter near
68.5°W as a consequence of its shallow southward flow in the AMOC. In this ex-
ample the simulated Gulf Stream pathway after separation parallels the underlying
abyssal current eastward to ~65°W. There, an anticyclonic abyssal gyre splits off
the southern edge of the model Gulf Stream to form part of the eastern boundary
of a southern recirculation gyre. Between 71° and 70°W the northern edge of the
model Gulf Stream is split off by the eastern edge of an elongated cyclonic abys-
sal gyre. The split-off current subsequently turns east-northeastward to become a



582 H. E. Hurlburt et al.
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Fig. 21.18 Means from 1/12° Atlantic NEMO over 2004-2006 (Table 21.1), a simulation with
premature separation from the western boundary: (a) SSH, (b) SSH variability, (¢) AMOC stream-
function, and (d) abyssal currents, isotachs, and depth contours. Sep v=1.9 m/s
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northern branch of the Gulf Stream flowing antiparallel to the underlying abyssal
currents.

21.3.6 Simulations with a Pathway Segment too far South After
Separation at Cape Hatteras

The simulations in this section are characterized by a Gulf Stream pathway segment
that is too far south after separation from the western boundary at the observed
separation latitude, as seen in the mean SSH (Fig. 21.19) and the SSH variability
(Fig. 21.20). The simulated Gulf Stream pathway in Fig. 21.19¢ actually exhibits
premature separation (discussed in Sect. 21.3.5), but is included here because it is
a near twin of the simulation in Fig. 21.19d. Figure 21.19a is a mean over years
4-6 from the same 1/12° global HYCOM simulation that developed an overshoot
pathway in years 9-10 (Sect. 21.3.4, Fig. 21.16e). Figure 21.19b is from a 1/10°
Atlantic simulation by the Los Alamos POP model. The simulations in Fig. 21.19c,
d are from 1/12° global HYCOM later in a chain of simulations that included the
one with a realistic Gulf Stream pathway and unrealistic dynamics (Sect. 21.3.3,
Fig. 21.15a) and a weak AMOC (not shown). The interannually-forced simulations
in Fig. 21.19c¢, d are nearly identical except that one includes external and internal
tides with 8 tidal constituents (Arbic et al. 2010; Fig. 21.19d), while the other ex-
cludes tides (Fig. 21.19c¢), as do all the other simulations considered here.

Like the simulation with premature separation in Sect. 21.3.5 (Fig. 21.18a), all
four of the simulations in Fig. 21.19 have abyssal current flow crossing to deep-
er depths under the Gulf Stream where it separates from the western boundary
(Fig. 21.21), but slightly farther north in the simulations with separation at Cape
Hatteras (Fig. 21.19a, b, d). In each case cross-under currents feed into an eddy-
driven abyssal gyre centered near or slightly south of 35°N, 72°W over relative-
ly flat topography, as in Fig. 21.18d (simulation with premature separation) and
Fig. 21.15c¢ (simulation with a realistic Gulf Stream pathway but unrealistic dynam-
ics). In Fig. 21.15c¢ this gyre is substantially weaker than the others. The abyssal
gyres in Fig. 21.21 underlie a surface gyre along the southern edge of the Gulf
Stream (Fig. 21.19) and are associated with high SSH variability (Fig. 21.20) and
high abyssal EKE (not shown), evidence of strong baroclinic instability. In relation
to the underlying abyssal currents, the subsequent pathway eastward to ~65°W in
three of the simulations (Figs. 21.19a, b, d and 21.21a, b, d) is quite similar to that
in the simulation with premature separation (Fig. 21.18). In Fig. 21.19¢ the Gulf
Stream bifurcates near 69°W with the northern pathway becoming weak and diffuse
in the mean and generally paralleling abyssal currents (Fig. 21.21c). The southern
pathway shows a dip driven by converging abyssal currents near 71°W with the
upper ocean current subsequently flowing antiparallel to the underlying abyssal cur-
rent until the southern part is steered southward by an abyssal current near 68°W to
form the eastern edge of a southern recirculation gyre lobe.
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Fig. 21.19 Mean SSH from simulations with a Gulf Stream pathway segment too far south after
separation from the western boundary. a 1/12° global HYCOM-18.0, years 4-6. b 1/10° Atlantic
POP-14x, 1998-2000 discussed in Hecht et al. (2008). ¢ 1/12° global HYCOM-9.7, 2004-2007,
and d 1/12° global HYCOM-14.1, 2004-2007, a twin of (¢) with the addition of external and
internal tides. (See Table 21.1)
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Fig. 21.20 SSH variability from the same four simulations as Fig. 21.19
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Fig. 21.21 Mean abyssal currents overlaid on isotachs and depth from the same four simulations
as Fig. 21.19. The depth contours in the HYCOM simulations (a, ¢, d) are at 200 m intervals
below 3,000 m as before, but the POP simulation (b) has full cell topography. Thus the bathymet-
ric contours mark 250 m step boundaries at and below 3,000 m, not depths. Below 3,000 m the
regions between step boundary contours are plateaus of constant depth, which are depth-labeled
accordingly

A comparison of the simulations with and without tides indicates a modest im-
provement with the addition of tides. The tides slightly strengthen the AMOC and
deepen the southward flow (Fig. 21.22d with tides vs. Fig. 21.22¢). The result is a
relatively weak but well-defined DWBC along the continental slope versus none
east of 70°W in the simulation without tides within the depth range plotted.

Surprisingly, the 1/12° HYCOM (Figs. 21.19-21.22, panel a) and 1/10° POP
(Figs. 21.19-21.22, panel b) simulations exhibit greater similarity than the simula-
tions with and without tides (Figs. 21.19-21.22, panels ¢ and d), despite the differ-
ences in model design and atmospheric forcing (linear wind-driven simulation for
HYCOM in Fig. 21.10c and for POP in 21.10f). HYCOM is a hybrid coordinate
ocean model on a C-grid with an isopycnal interior and partial step topography,
while POP is a z-level model on a B-grid with full step topography, the only one
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Fig. 21.22 Mean AMOC streamfunction from the same four simulations as Fig. 21.19

in this chapter with a B-grid or full step topography. In the other simulations the
topographic contours are depth contours with a 200 m contour interval, while at
and below 2,750 m the contours in the POP simulation mark the boundary between
steps at 250 m intervals and the regions between contours are plateaus of constant
depth. Despite these differences the mean Gulf Stream pathway within the segment
of interest (Fig. 21.19a, b) and the mean abyssal circulation (Fig. 21.21a, b) are
very similar, taking into account the tendency for abyssal currents to concentrate
along the step boundaries in the full cell topography (Fig. 21.21b). The strength of
the AMOC in the latitude range of Fig. 21.10 is similar, but the southward flow is
shallower in HYCOM and there is more deep water formation in this latitude range
in POP, as in NEMO, the other z-level model.

Most of the simulations depict a pair of eddy-driven cyclonic gyres (both ob-
served, Figs. 21.5 and 21.6), the western one centered near 37°N, 71°W over sloping
topography and the eastern one centered near 36.7°N, 68°W over a westward trough
in the topography, the no tides simulation in Fig. 21.21c being a notable exception



588 H. E. Hurlburt et al.

by lacking both. In the simulations with a realistic Gulf Stream pathway and realis-
tic dynamics (Figs. 21.2a, c—e and 21.11), the western gyre lies directly beneath the
Gulf Stream in association with abyssal current cross-unders along the northern and
western sides (Figs. 21.3a, c, e, 21.4a, and 21.13), except in the simulation with no
DWBC (Fig. 21.3d). The same is true for the eastern gyre in the subset of these sim-
ulations that exhibit the observed cross-under (Fig. 21.5) near 68.5 W (mean SSH
in Figs. 21.2a, c—e and 21.11a; mean abyssal currents in Figs. 21.3a, c—e, 21.4a, and
21.13a). Here the corresponding abyssal gyres in HYCOM and POP (Fig. 21.21a
and b, respectively) are substantially stronger than in the other simulations (except
for the eastern gyre in comparison to the simulations with an overshoot pathway)
and the gyre currents are strongest along the northern and southern sides of the
gyres. In addition, the western gyres are displaced ~1° to the south-southeast, a dis-
tance less than the southward displacement of the Gulf Stream pathways. Although
the mean Gulf Streams are broader than the mean abyssal currents, they generally
follow along the southern sides of these abyssal gyres and the abyssal currents in
both gyres cross isobaths to deeper depths where they flow toward the southern
side of the stream, inhibiting its northward displacement to a more realistic latitude.

In each simulation the western gyre has an associated cyclonic upper ocean gyre
adjacent to the north side of the model Gulf Stream with the center of the surface
gyre displaced ~1/2—1° northwest of the abyssal gyre center. In both simulations
the abyssal current on the northern side of the eastern abyssal gyre crosses under
the Gulf Stream to shallower depths, broadening the mean Gulf Stream pathway to
the north, while the southern side of the abyssal gyre acts to help maintain a more
southern pathway. In the 1/12° global HY COM simulation the western abyssal gyre
weakens over time, the upper cyclonic gyre on the north side of the stream dis-
sipates, and the year 8 mean exhibits a realistic mean pathway. However, by years
9-10 this abyssal gyre has moved westward and nearly dissipated (Fig. 21.16f) and
the simulation has developed an overshoot pathway (Fig. 21.16¢).

21.3.7 Gulf Stream Pathways and Variability Upstream
of Separation at Cape Hatteras

Two main types of Gulf Stream variability are observed in the South Atlantic Bight
(SAB) upstream of the separation point at Cape Hatteras, smaller and larger ampli-
tude meanders, as illustrated in Plate 1 of Glenn and Ebbesmeyer (1994b). Com-
pared to the larger meanders, the smaller ones are characterized by ~3x shorter
event time scales, 2x faster propagation speeds (35-60 km/day), and a shore side
meander amplitude that remains inshore of the 600 m isobath versus offshore of
it for tens of kilometers (Bane and Dewar 1988). Both types of meander propa-
gate northeastward from the vicinity of the Charleston Bump (Fig. 21.23) and of-
ten cyclonic eddies form on the inshore side of the meanders (Glenn and Ebbes-
meyer 1994a, b). The small meanders are clearly illustrated by Xie et al. (2007,
their Fig. 2) in a sequence of daily satellite SST snapshots over a 6-day period.
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Fig. 21.23 Topographic map of the South Atlantic Bight (SAB). The Blake Bahama Outer Ridge,
the Blake Escarpment, the Blake Nose, the Blake Plateau, and the Charleston bump are topo-
graphic features that influence the dynamics of the Gulf Stream and the DWBC. The topographic
contour interval is 100 m

This variability has a 4-5 day time scale (Legeckis 1979; Glenn and Ebbesmeyer
1994b) and is a component of the observed SSH variability depicted in Fig. 21.8
as a narrow band beginning south of 32°N and extending along the Gulf Stream
pathway past Cape Hatteras, a trajectory observed for individual eddy-meander fea-
tures (Glenn and Ebbesmeyer 1994a, b). The SSH variability exceeds 20 cm near
32°N and is 15-20 cm along the Gulf Stream pathway downstream until larger
variability occurs past the separation point. Such variability is seen in nearly every
SSH variability panel in Sects. 21.3 and 21.4 except for simulations by 1/25° global
HYCOM (e.g. Figs. 21.12d and 21.17b), where there is a slightly broader band of
higher variability, and simulations where there is a broad band of much higher vari-
ability near the separation point (e.g. Figs. 21.15b and 21.20c). The observed vari-
ability has been attributed to barotropic and baroclinic instability, especially near
the Charleston bump, based on observational evidence (Bane and Dewar 1988) and
modeling studies. For example, Xie et al. (2007) investigated the effects of coastline
curvature and the Charleston bump and found that both enhanced these Gulf Stream
flow instabilities in the SAB.
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Fig. 21.24 a—c Mean currents (arrows) and isotachs (in color) overlaid on topographic contours
in the SAB from 1/25° global HYCOM-4.0, years 5-8 (Table 21.1): a Near surface currents at
~25 m depth. b Depth average to the bottom starting from a depth of ~300 m near the inshore edge
of the Gulf Stream and a depth of ~800 m seaward of the Gulf Stream in order to depict near bot-
tom flow over the 400-850 m depth range of the Charleston bump and the Blake Plateau. ¢ Depth
average over ~2,000 m to the bottom to depict abyssal currents along the Blake Escarpment and
over the Blake Bahama Outer Ridge, and d like b with isotachs replaced by EKE. The reference
current vector lengths are 1 m/s in a and 0.25 m/s in b—d. The color contour intervals are 12 cm/s
in (a), 3 cm/s in (b), 1 cm/s in (¢), and 40 cm?/s? in (d?). The topographic contour interval is 200 m

The unrealistically high variability in 1/25° global HYCOM is driven by excessive
flow instabilities over the Charleston bump and the adjacent Blake Plateau, which
has nearly flat topography near 800 m depth (Fig. 21.23). Signatures of the relative
strength of baroclinic instability are evident by comparing near bottom EKE and mean
flow from 1/25° global HYCOM (EKE in Fig. 21.24d and mean flow in Fig. 21.24b)
with corresponding results from a near twin 1/12° global HY COM simulation (EKE in
Fig. 21.25d and mean flow in Fig. 21.25b). The latter does not exhibit excessive SSH
variability in the region (SSH variability from 1/25° global HY COM in Fig. 21.12d ver-
sus 1/12° global HYCOM in Fig. 21.20a over the same model years used in Figs. 21.24
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Fig. 21.25 Same as Fig. 21.24 except that results are from 1/12° global HY COM-18.0, years 4—6
(Table 21.1)

and 21.25). The near bottom EKE is much higher in the 1/25° global HYCOM simu-
lation and extends farther southward over the Blake Plateau. In addition, there is a
closed eddy-driven bottom gyre not seen in the 1/12° simulation. Both the 1/12° and
1/25° simulations exhibit a small mean offshore meander immediately downstream of
the Charleston bump where the inner edge of the mean currents temporarily follows a
deeper isobath (400 m) (1/25° in Fig. 21.24a and 1/12° in Fig. 21.25a).

The second type of variability is larger amplitude meanders similar to that seen
in Fig. 21.26a, c, but in observations (e.g., Bane and Dewar 1988; Glenn and Ebbes-
meyer 1994b, their Plate 1; Legeckis et al. 2002, their Fig. 5) such features are
transient on times scales up to a few months, whereas Fig. 21.26 depicts means over
year 3 of the 1/25° global HY COM simulation. Animations of SSH, used to monitor
the simulated variability, also show the larger meanders occurring as transients in
other years of the 1/25° simulation and in the near twin 1/12° simulation, where the
amplitude is smaller. In addition, the animations show highly variable meandering
in year 3 of the 1/25° simulation (Fig. 21.26b). These meanders tend to pause and
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Fig. 21.26 Simulation of an unrealistic mean meander upstream of Gulf Stream separation from
1/25° global HYCOM-4.0, year 3 (Table 21.1): a Mean SSH. b SSH variability, and c—e Mean
currents (arrows) and isotachs (color) overlaid on topographic contours in the SAB. ¢ Near surface
currents at ~25 m depth and d, e Depth averages from d ~2,000 m to the bottom and e ~3,000 m to
the bottom. The color contour intervals are a, b 5 cm. ¢ 12 cm/s, and d, e 1 cm/s

amplify between the northern end of the Charleston bump near 32°N and ~33°N in
a region where the northern boundary of the Blake Bahama Outer Ridge separates
from the Blake Escarpment near 2,000 m depth (Fig. 21.23).

Unrealistic mean meanders, such as seen in Fig. 21.26a, ¢, occasionally occur in
simulations by a variety of ocean models, including the z-level Los Alamos POP
model (Smith et al. 2000), the MICOM isopycnal model (Chassignet and Marshall
2008, their Fig. 9), NLOM (Hurlburt and Hogan 2008), and here HYCOM. They
have been controlled by increasing coefficients of biharmonic dissipation (Smith
et al. 2000; Chassignet and Marshall 2008) or by injecting the DWBC northern
boundary inflow along deeper isobaths in simulations like those in Sect. 21.2. This
type of unrealistic meander (e.g., Fig. 21.26a, ¢) occurs when there are strong mean
abyssal currents along the 2,700-3,200 m isobaths where the Blake Bahama Outer
Ridge separates from the Blake Escarpment. These currents flow southeastward
along the north side of the Blake Bahama Outer Ridge near the ridge crest. In the
process they cross under the Gulf Stream and advect it off shore (Fig. 21.26¢c—e).
The cross-under to deeper depths facilitates the advection process because it allows
the abyssal currents to better follow the north side of the deepening ridge crest,
as can be seen by comparing Fig. 21.26d, e, the latter limited to deeper depths.
Particularly, compare the current along the northeastern side of the ridge from the
location where it separates from the Blake Escarpment to the 3,000 m isobath where
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part of the abyssal current turns southwestward from the ridge crest to the Blake
Nose and flows along the 2,800-3,200 m isobaths, approximately antiparallel to the
outer edge of the Gulf Stream. Here the 3,000 m isobath lies near the outer edge of
the Gulf Stream mean flow that continues to the northeast. Note in comparison to
the abyssal current responsible for offshore advection of the Gulf Stream, the cor-
responding current mean over years 5—8 from the same simulation (Fig. 21.24c) is
much weaker and in the 1/12° simulation (Fig. 21.25c¢) it is nearly absent. Also note
the Blake Nose is a junction where abyssal currents following a variety of pathways
along different isobaths meet to form a strong DWBC flowing southward along the
steep slope of the Blake Escarpment (Figs. 21.24c, 21.25c¢, and 21.26d, e).

The conduit for abyssal currents from the ocean interior, discussed in Sect. 21.2
and earlier subsections of Sect. 21.3, rejoins the abyssal flow along the continental
slope near 33°N. Generally, this flow remains seaward of the Gulf Stream. Howev-
er, in this case (Fig. 21.26¢c—e), it crosses under the offshore loop of the Gulf Stream
simulation. As it flows southwestward on the north side of the loop, it crosses to
shallower depths beneath the Gulf Stream and acts to advect its pathway shoreward,
keeping it adjacent to the western boundary just upstream of separation at Cape Hat-
teras. This occurs not only because of the abyssal current pathway from the interior,
but also because of the westward intrusion of relatively deep isobaths to the base
of a very steep segment of the continental slope. Chassignet and Marshall (2008,
their Fig. 9) also depict the mean Gulf Stream loop returning to the western bound-
ary prior to separation. As the cross-under abyssal current continues to the south,
the speed of the current greatly increases in a confluence along the steep northern
slope of the Blake Bahama Outer Ridge, demonstrating the potential for even larger
amplitude meanders with a lobe extending southeastward. That did not occur in the
case of the loop simulated in Fig. 21.26a, c because the abyssal currents along the
2,800-3,200 m isobaths did not advect it far enough off shore for the deeper abyssal
currents to continue the offshore advection process.

It has been suggested that the development of large amplitude meanders in the
SAB is triggered by Gulf Stream interaction with cold core rings from the Sargasso
Sea, rather than offshore deflections of the Gulf Stream at the Charleston bump
(Glenn and Ebbesmeyer 1994b). The 10-year SSH animations from both the 1/12
and 1/25° global HYCOM simulations, discussed in this subsection, show such in-
teractions occurring. Year 8 of 1/25° global HYCOM even demonstrates the gen-
eration of a strong modon when a strong anticyclonic eddy adjacent to the elbow
of a large meander triggers the shedding of a cyclonic eddy from the elbow on the
north side of the anticyclonic eddy. The modon subsequently propagated eastward
to 62°W centered along ~28°N. A modon generated in a similar manner is illus-
trated near 27°N, 69°W in Hurlburt and Hogan (2000, their Fig. 4d). Although Gulf
Stream—eddy interaction was involved in the development and evolution of some
large meanders, many of them developed without such interaction. This result in-
dicates that flow instabilities in the vicinity of the Charleston bump are sufficient
to generate such meanders (near bottom EKE in Figs. 21.24d and 21.25d and near
bottom mean currents in Figs. 21.24b and 21.25b over the Charleston bump and ad-
jacent Blake Plateau), with a possible contribution from abyssal current advection
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of the Gulf Stream pathway where the north slope of the Blake Bahama Outer Ridge
separates from the Blake Escarpment near 33°N.

21.4 Impact of Data Assimilation on Model Dynamics
in the Gulf Stream Region

We can investigate the impact of data assimilation on the Gulf Stream pathway
and dynamics using a set of near-twin experiments with the 1/12° global HY COM.
Each of these experiments starts from an initial state forced by ECMWF clima-
tology for the surface momentum and heat. However, starting points for the two
experiments are different. The first set of twin experiments starts from a spin up
forced by an ERA-15 climatology, while the second set starts from a spin up forced
by an ERA-40 climatology with the 10 m winds increased using QuikSCAT wind
speed statistics (Kara et al. 2009). The interannual forced simulations use the Navy
Operational Global Atmospheric Prediction System (NOGAPS) fluxes with an ad-
justment of the mean winds to the ECMWF climatology in the first experiment and
in the second experiment with a scaling of the 10 m wind speeds using QuikSCAT
wind speed statistics without the adjustment to the ECMWF climatology. For this
discussion, the mean is taken over the last 3 years (2004—2006) for the first experi-
ment and only one year (06/2007 to 05/2008) in the second experiment.

Two data assimilative hindcasts (data assimilative model runs not performed
in real time) are used in this study. In both hindcasts, the data are assimilated via
the Navy Coupled Ocean Data Assimilation system (NCODA, Cummings 2005)
using a multivariate optimal interpolation. Both use the same atmospheric forcing
as the corresponding non-assimilative simulation. The difference between the data
assimilation in the two hindcasts is the treatment of the along-track altimetric sea
surface height anomalies (SSHAS). The first hindcast, which will be designated as
C-H assimilation, is a twin of the 4 year non-assimilative interannual forced simu-
lation with the SSH updates extended into the ocean interior by adjusting the layer
thickness, as proposed by Cooper and Haines (1996). The SSH updates are obtained
(a) by adding the altimetric SSHAs to a model-based mean SSH and then (b) using
NCODA to perform an SSH analysis with a model forecast as the first guess. For
this purpose, the mean SSH from the ERA-15 forced climatological simulation,
used to initialize the hindcast, is adjusted to the observed mean Gulf Stream path-
way via a rubber-sheeting technique (Smedstad et al. 2003). The last three years of
the corresponding simulation and hindcast are used for analysis. The second hind-
cast, which will be designated as MODAS assimilation, uses the Modular Ocean
Data Assimilation System (MODAS, Fox et al. 2002, Barron et al. 2007) to extend
the SSHA into the ocean interior via synthetic profiles of temperature and salinity,
with the mean surface dynamic height coming from the MODAS climatology. It is
a twin of the 2007-2008 simulation. Only the time period covering the last year of
the 1.5 year hindcast is used for analysis. For more information on the 1/12° global
HYCOM prediction system see Hurlburt et al. (2008a) and Chassignet et al. (2009).
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21.4.1 Interannually Forced Simulation with a Weak
Gulf Stream

The mean velocity in layer 6, ~25 m deep, for each of the four simulations is shown
in Fig. 21.27 along with the 15 year mean IR northwall pathway. The interannual
simulation, initialized from the ERA-15 spin up, generates a weak Gulf Stream
(Fig. 21.27a). The Eulerian mean core speed south of the separation point is 1.1 m/s
and it decreases rapidly to the east becoming <0.4 m/s near 72°W. The weak Gulf
Stream is associated with weak mean abyssal currents, as shown in Fig. 21.28a.
The key southward abyssal current at 72°W is weak with a speed <0.4 cm/s and
displaced to the south. The observed key current at 68.5°W is absent as are two
observed deep cyclonic gyres (Figs. 21.5 and 21.6). The strongest abyssal flows
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Fig. 21.27 Mean velocities in layer 6, ~25 m, with the 15-year mean Gulf Stream northwall path-
way t1o by Cornillon and Sirkes overlaid in red and the bathymetry contoured at 200 (500) m
intervals at depths >(<) 3,000 m from four 1/12° global HYCOM simulations or hindcasts:
a Interannually forced weak Gulf Stream with separation velocity of 1.1 m/s, 12° global HY COM-
5.8. b Interannually forced stronger Gulf Stream with separation velocity of 1.4 m/s, 1/12° global
HYCOM-19.0. ¢ Cooper and Haines (1996) data assimilative twin, 1/12° global HYCOM-60.5,
of the weak Gulf Stream simulation, and d MODAS synthetic temperature and salinity profile
data assimilative twin, 1/12° global HYCOM-74.2, of the stronger Gulf Stream simulation (see
Table 21.1)
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Fig. 21.28 Mean depth averaged velocities in layers 27 to 29, below ~3,000 m depth, with the
15-year mean Gulf Stream northwall pathway +1¢ by Cornillon and Sirkes overlaid in red and the
bathymetry contoured at 200 (500) m intervals at depths >(<) 3,000 m from the same four 1/12°
global HYCOM simulations or hindcasts as Fig. 21.27: a Interannually forced weak Gulf Stream
with separation velocity of 1.1 m/s. b Interannually forced stronger Gulf Stream with separation
velocity of 1.4 m/s. ¢ Cooper and Haines (1996) data assimilation twin of the weak Gulf Stream
and d MODAS synthetic temperature and salinity profile data assimilation twin of the stronger
Gulf Stream

are found in an anticylonic gyre near (36°N, 66°W), which steers the Gulf Stream
slightly northward. Near Cape Hatteras, the mean Gulf Stream shows two path-
ways, one path overshooting the separation point and clinging to the continental
slope while another pathway with most of the flow turns almost due east. After
separation, the mean pathway lies southward of the mean IR pathway.

The AMOC also is weak and shallow with a transport less than 11 Sv (Fig. 21.29a).
Evidence for weak baroclinic instability can be found in (1) the large area of high
SSH variability west of 70°W (Fig. 21.30a), (2) a weak southern recirculation gyre
west of 70°W (Fig. 21.27a), (3) the eddy-driven mean abyssal gyre centered directly
beneath the surface gyre over relatively flat topography (Fig. 21.28a) and (4) the
associated deep EKE (not shown). The separating Gulf Stream pathway lies along
the northern edge of the associated recirculation gyres. The location of the eddy-
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Fig. 21.29 AMOC streamfunction north of 24°N from the same four 1/12° global HY COM simu-
lations or hindcasts as Fig. 21.27: a Interannually forced weak Gulf Stream with separation veloc-
ity of 1.1 m/s. b Interannually forced stronger Gulf Stream with separation velocity of 1.4 m/s.
¢ Cooper and Haines (1996) data assimilation twin of the weak Gulf Stream and d MODAS syn-
thetic temperature and salinity profile data assimilation twin of the stronger Gulf Stream

driven mean abyssal gyre relative to the southern edge of the separating jet and the
location of the northwestern most flat topography suggests a topographic role in the
separating pathway driven by baroclinic instability of the separating jet.

21.4.2 Interannually Forced Simulation with a Stronger
Gulf Stream

The interannual simulation using ERA-15 spin up and NOGAPS winds yields a too
weak Gulf Stream. Kara et al. (2009) found that the QuikSCAT winds are highly
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Fig. 21.30 Standard deviation of the sea surface height from the same four 1/12° global HY COM
simulations or hindcasts as Fig. 21.27: a Interannually forced weak Gulf Stream with separa-
tion velocity of 1.1 m/s. b Interannually forced stronger Gulf Stream with separation velocity
of 1.4 m/s. ¢ Cooper and Haines (1996) data assimilation twin of the weak Gulf Stream and d
MODAS synthetic temperature and salinity profile data assimilation twin of the stronger Gulf
Stream

correlated with the NOGAPS NWP winds, but that significant errors in the strength
of the winds exist. Kara et al. propose a regression based correction for the NWP
winds. This correction is applied to a new model spin up using the ERA-40 clima-
tology to generate a new initial condition for an interannual forced simulation based
upon regression corrected NOGAPS winds. Only 1 year from June 2007 to May
2008 is available for analysis. The mean Gulf Stream is stronger and the path much
more realistic than the simulation described in Sect. 21.4.1 The core speed in layer
6 (~25 m) near the mean separation point is 1.4 m/s and remains greater than 1 m/s
at 70°W, with the speed decreasing rapidly to the east of 70°W (Fig. 21.27b). A
strong recirculation gyre is observed centered at (34.5°N, 72°W). The abyssal flow
shown in Fig. 21.28b is stronger than the uncorrected NOGAPS forced simulation
with temporal mean winds from ERA-15. The key abyssal current at 72°W and
the associated cyclonic gyre are present but the key abyssal current near 68.5°W is
absent. The eddy-driven abyssal circulation with speeds < 8 cm/s, flows under the
Gulf Stream near 36°N, 72°W helping to steer the flow southward into the recircu-
lation gyre, while the northward flow in the cyclonic abyssal gyre steers the Gulf
Stream northward at 70°W. The AMOC is very shallow and relatively weak, with
transport less than 16 Sv (Fig. 21.29b). The SSH variability in Fig. 21.30b shows a
strong recirculation gyre, but little eddy activity east of 60°W. The pathway in this
simulation is more realistic, but still inconsistent with the observed SSH variability
and the relevant key abyssal currents, and the AMOC is relatively weak and shal-
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low. This simulation is quite similar to one discussed in Sect. 21.3.3 with a realistic
pathway but unrealistic dynamics.

21.4.3 Cooper-Haines Data Assimilation

The data assimilative hindcast starts from the end of the ERA-15 climatology simu-
lation using NCODA to assimilate satellite SST, the SSH updates, and in situ tem-
perature and salinity profiles, and also using C-H for downward projection of the
SSH updates. The assimilation generates a mean Gulf Stream that follows the IR
path from the coast out to 68°W, as seen in Fig. 21.27c. East of 68°W, the flow di-
verts southward of the IR path, turning sharply northward and splitting as the Stream
crosses the New England Seamount Chain (NESC) at 64°W. The SSH variability
shown in Fig. 21.30c reproduces all of the features found in the observed altimetric
SSH variability shown in Fig. 21.8, which is an expected result since these data
are assimilated. The Eulerian mean core speed of the Gulf Stream at the separation
point near Cape Hatteras is relatively weak at only 1.1 m/s, which is about the same
as the non-assimilative simulation. The assimilative Gulf Stream is much stronger
to the east with Eulerian mean speeds of 0.8 m/s at 70°W and 0.6 m/s at 65°W.

A surprising result is the strong abyssal circulation in the hindcast shown in
Fig. 21.28c. The key abyssal currents at 72°W and 68.5°W are present with
strengths of 10 cm/s and 8 cm/s respectively. The southward flow at 72°W is as-
sociated with a cyclonic gyre. As a consequence of the C-H downward projection
of the SSH updates, the AMOC is strengthened, with transport greater than 18 Sv,
and the southward branch of the AMOC is stronger at deeper depths than in the non-
assimilative simulation (Fig. 21.29c vs. 21.29a). The result is mean abyssal currents
along deeper isobaths of the continental slope. Despite a weak Gulf Stream at Cape
Hatteras, data assimilation generates a vigorous eddy field that drives a strong abys-
sal circulation. The eddy-driven contribution to the mean abyssal circulation is the
result of vortex stretching and compression associated with the data-assimilative
approximation to the observed meandering of the Gulf Stream and associated ed-
dies. In Fig. 21.28c the stronger and deeper mean abyssal currents along the con-
tinental slope feed into the abyssal currents that cross under the Gulf Stream near
69° and 72°W and interact with the eddy-driven abyssal circulation. Although we
can demonstrate that the data assimilative hindcast has a mean abyssal circulation in
accord with available observational evidence and a theory for Gulf Stream pathway
dynamics in this region that is also supported by the observational evidence, no ob-
servational evidence is available to determine whether or not the same is true for the
time dependent evolution of the abyssal circulation. The results of Hurlburt (1986)
suggest that this could be occurring. In a set of two-layer model experiments with
the SSH field updated every 20 or 30 days from a non-assimilative control run, the
abyssal circulation converged toward the time dependent abyssal circulation of the
control run even in the most challenging examples with strong baroclinic-barotropic
instability and a flat bottom.
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21.4.4 MODAS Data Assimilation

The second data assimilative example starts on 1 June, 2007, taking its initial condi-
tion from the ERA-40 QuikSCAT scaled simulation. The assimilation is performed
through NCODA with the SSHA extended into the ocean interior using synthetic pro-
files of temperature and salinity from MODAS. The mean Gulf Stream follows the
IR path extremely well to the east past the NESC to 62°W, as shown in Fig. 21.27d.
The Eulerian mean core speed near Cape Hatteras is weak, only 1.0 m/s. However,
core speed is a maximum of 1.2 m/s at 72°W and exceeds 0.65 m/s at 65°W. The
SSH variability reproduces the observed altimetric SSH variability (Fig. 21.30d).
The eddy driven abyssal circulation is strong, with the key southward abyssal cur-
rents exceeding 10 cm/s. Each of the key currents is associated with a strong cy-
clonic gyre, as shown in Fig. 21.28d. The AMOC is the strongest, exceeding 20 Sv,
and the southward branch extends the deepest of the four simulations or hindcasts
(Fig. 21.29d). Assimilating the MODAS synthetic profiles appears to generate the
most realistic Gulf Stream system with strong eddies along the entire path driving
a strong abyssal circulation.

21.4.5 A Comparison of Model Forecasts to Hindcast States

The daily MODAS hindcasts (Sect. 21.4.4) from 48 different dates were used to
initialize a 14 day forecast. The forecast skill of the HYCOM data assimilative
model has been discussed in Hurlburt et al. (2008a, 2009). The assimilative model
significantly beats persistence out to 14 days. However, the skill of the model is
insignificant after about 10 days, with the median anomaly correlation between the
forecast and the analysis for SSH dropping below 0.6 beyond 10 days in the Gulf
Stream region. We can compare the effects of the model dynamics on the forecasts
by using the differences between the forecast mean Gulf Stream and the analyses. In
Fig. 21.31, the mean velocities in layer 6 (~25 m) and layers 27-29 (~3,000 m to the
bottom) from 48 forecasts are shown. The 5 day forecast has appreciable skill with a
median SSHA correlation of 0.8, but the 14-day forecast has little skill. In the fore-
casts, we find significant changes in the upper layer flow, but only modest changes
in the abyssal circulation. The 5 day forecast still tracks the mean IR path west of
the NESC (64°W), but the core speeds have decreased by approximately 0.1 m/s
along the entire Stream. The core speeds in the 14 day forecast have decreased
substantially with the speed at 72°W dropping below 0.8 m/s. The path of the Gulf
Stream is deflected southward around 68.5°W, presumably steered southward by
the strong southward abyssal current at 68.5°W. The AMOC (not shown) for the
14 day forecast is slightly weaker and shallower than either the 5 day forecast or
analyses. The Gulf Stream in the forecasts is still inertial, with the variability driven
by the instability of the flow. However, the dynamics of the model are insufficient to
maintain a strong flow eastward to the NESC and the forecast Gulf Stream weakens
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Fig. 21.31 The mean velocities for the forecasts starting from the state estimates of the MODAS
data assimilation with the layer 6 (~25 m) velocities for the a 5-day forecast and the b 14-day
forecast and the layer 27 to 29 (below ~3,000 m depth) velocities for the ¢ 5-day forecast and the
d 14-day forecast. The 15-year mean Gulf Stream northwall pathway *1¢ by Cornillon and Sirkes
is overlaid in red and the bathymetry is contoured at 200 m intervals

over the 14 day period. The abyssal circulation appears to have a longer time scale
showing little change in the mean over the 14 day forecast period. Thus, the steering
by the abyssal currents helps to maintain a reasonable pathway, but the dynamics
cannot maintain the strength of the Gulf Stream.

21.5 Summary and discussion

Dynamical understanding and evaluation of current systems simulated by eddy-re-
solving OGCMs is an essential step in the development of accurate models to aid in
a greater understanding of the ocean circulation and to improve ocean weather and
climate prediction. Here the Gulf Stream is the subject of investigation, including
examples with and without data assimilation, because it is a major current system
that is challenging to simulate and understand and because Gulf Stream simulations
have demonstrated great sensitivity to small changes in simulation design, such
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as subgrid-scale parameterizations and parameter values. Several non-assimilative
OGCMs of different design have yielded realistic simulations, as illustrated here,
but consistently realistic results have not been obtained from any of them. Instead,
these OGCMs have also demonstrated a variety of similar flaws.

Key aspects of Gulf Stream dynamics were identified using a simpler eddy-re-
solving model. The model is purely hydrodynamic with only five Lagrangian layers
in the vertical, but includes sufficiently realistic boundary geometry, bathymetry,
wind forcing, and AMOC to (1) simulate the dynamics of Gulf Stream separation
and its pathway to the east, (2) permit detailed comparison with relevant observa-
tions, and (3) allow a detailed explanation of the dynamics (Sect. 21.2). In brief
form, an eddy-driven abyssal current, typically augmented by the DWBC, the local
topographic configuration, and a Gulf Stream feedback mechanism constrain the
latitude of the Gulf Stream near 68.5°W. Between the western boundary and ~70°W
the Gulf Stream pathway closely follows a CAV trajectory. Neither part of this ex-
planation is sufficient alone. Constraint of the Gulf Stream latitude near 68.5°W
is not a sufficient explanation of the pathway between the western boundary and
~69°W. However, without assistance from this constraint, Gulf Stream simulations
with realistic speeds at the core of the current are not sufficiently inertial to over-
come the linear solution demand for a pathway that overshoots the observed latitude
(and a CAV trajectory).

The essential observational metrics are (a) agreement with the observed mean
pathway, (b) agreement with the observed narrow band of high SSH variability
between the western boundary and ~69°W to support the interpretation as a CAV
trajectory, (c) realistic mean speed at the core of the current near separation from
the western boundary (1.6-2.1 m/s), and (d) simulation of the key observed abyssal
current near 68.5°W. Other observational and dynamical metrics are also useful.
With the possible exception of a linear solution, starting with a simplified model is
helpful but generally not a necessary step, as illustrated in the dynamical evaluation
of OGCM simulations with several types of flawed dynamics.

The dynamics of simulations by four different eddy-resolving OGCMs (HY-
COM, MICOM, NEMO, and POP) without data assimilation are evaluated in
Sect. 21.3. The horizontal resolution and model domain range from 1/10° Atlantic
to 1/25° global. Simulations by both the simplified model and the OGCMs demon-
strate that it is possible to simulate a realistic Gulf Stream pathway with generally
realistic dynamics without showing complete agreement with the relevant observa-
tional evidence, but with evidence of a possible sacrifice in simulation robustness,
discussed later. In particular, three OGCM simulations yield a realistic Gulf Stream
pathway, but do not simulate the key abyssal current near 68.5°W. Instead two mean
abyssal currents that cross under the simulated Gulf Stream near 65.5 and 67.5°W
perform essentially the same function at the appropriate latitude, but without the
observational evidence to confirm or refute their existence. Another simulation has
a realistic mean Gulf Stream pathway, but fails in relation to the other observational
metrics and thus simulates a realistic pathway with unrealistic dynamics.

The remainder of Sect. 21.3 addressed dynamical evaluation of simulations with
common types of flawed pathways upstream and downstream of Gulf Stream sepa-
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ration at Cape Hatteras. Downstream the simulations may have premature separa-
tion, pathway segments that are too far south west of roughly 67°W, or pathways
that overshoot the observed latitude west of ~69°W. Upstream problems occur with
unrealistic looping away from the coast and excessive small amplitude meandering
that propagates downstream of Cape Hatteras and unrealistically increases the vari-
ability in the region within a few degrees after separation. The simulations demon-
strate the greatest sensitivity to differences in AMOC strength and the depth struc-
ture of its southward abyssal flow, the abyssal currents in relation to the isobaths, the
wind forcing, the inertial character of the separating jet, and the horizontal model
resolution. In relation to pathway simulation skill, they demonstrate less sensitivity
to differences in model design and model topography, even though there is great
sensitivity to topographic features. The biggest problem occurs with the shallow
vertical structure of the simulated AMOC southward abyssal flow and its relation to
the isobaths because of its impact on the pathways of abyssal currents upstream and
downstream of Gulf Stream separation. Upstream of separation, an unrealistically
persistent Gulf Stream meander away from the coast can occur when strong mean
abyssal currents follow isobaths in the depth range 2,700-3,200 m. Currents in that
depth range separate from the Blake Escarpment and flow southeastward along the
north slope of the Blake Bahama Outer Ridge near the ridge crest. In the process
they cross under the Gulf Stream, advecting its pathway off shore, a problem oc-
casionally seen in almost all of the models.

Downstream of Cape Hatteras, flow along particular, relatively deep isobaths is
required to generate the key abyssal current near 68.5°W or the alternatives near
67.5 and 65.5°W. These abyssal currents are very weak or missing in the simula-
tions with premature separation, a pathway segment with a southern bias, or a re-
alistic pathway with unrealistic dynamics. The depth of the AMOC-related abyssal
currents along the isobaths can directly affect the Gulf Stream pathway through
advection but can also affect the stability properties of the simulated Gulf Stream
and the interaction between AMOC-driven and eddy-driven abyssal currents. Thus
the hypersensitivity of Gulf Stream simulations to small changes, such as subgrid-
scale parameterizations and parameter values, can be traced to a hypersensitivity to
the location of abyssal currents in relation to the isobaths and to the need for flow
along particular isobaths in order to constrain the latitude of the Gulf Stream near
68°W. This sensitivity is aggravated by the tendency of ocean models to simulate an
AMOC with a southward abyssal limb that is too shallow.

The simulations with a southern pathway bias exhibit abyssal currents, partly
originating along isobaths shallower than 3,000 m, which cross under the simulated
Gulf Stream to deeper depths at the separation point. They also depict an eddy-
driven mean abyssal gyre centered near 72°W over a band of flat topography, a gyre
that abuts the southern edge of the Gulf Stream. The simulations exhibit additional
eddy-driven abyssal gyres farther to the east along the Gulf Stream segment with
a southern bias. Very similar gyres occur in a 1/10° Atlantic POP simulation and
one of the 1/12° global HYCOM simulations and quite different gyres in the 1/12°
Atlantic NEMO and two other 1/12° global HYCOM simulations. The two strong
cyclonic abyssal gyres along the north side of the Gulf Stream in the similar POP
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and HYCOM simulations also contribute to the southern pathway bias in those
simulations. In all five simulations the Gulf Stream pathway follows the underly-
ing eddy-driven abyssal currents for about 10° to the east, resulting in a mean Gulf
Stream pathway that is strongly influenced by flow instabilities and thus a pathway
that is dynamically very different than that observed.

The three OGCM simulations with an overshoot pathway (all by HYCOM) suc-
cumb to the demands of linear dynamics for a pathway with a northern bias with
both the wind forcing and the AMOC contributing to that demand. The wind forcing
product that forced the OGCM simulations with an overshoot pathway also yields
the strongest tendency for an overshoot pathway based on linear dynamics. The
simulation with the strongest overshoot has the second strongest AMOC and the
most inertial Gulf Stream at the separation point (at the top end of observed speed).
The strength of the AMOC in the other two overshoot simulations is typical, but the
three simulations using the same model and wind forcing with a weak AMOC simu-
late a pathway with a southern bias or a realistic pathway with unrealistic dynam-
ics. Although the overshoot simulations have abyssal current pathways that might
constrain the Gulf Stream pathway, the 1/12° Atlantic MICOM simulation with a
realistic Gulf Stream pathway has a much more robust abyssal current constraint on
the Gulf Stream pathway in close agreement with observational evidence. It also
has the strongest AMOC with a southward limb that extends deeper than in the three
HYCOM simulations and a mean DWBC that includes observed strong flow along
isobaths that feed into the key abyssal current near 68.5°W.

Bifurcations are a common occurrence in the Gulf Stream simulations and abys-
sal currents often play a role. Several of these roles are discussed in the section on
overshoot pathways. In two of these simulations abyssal currents cause a major
bifurcation of the Gulf Stream. More commonly they split off flow near the edge of
the Gulf Stream and help define the eastern edge of a southern recirculation gyre.
On the near-shore edge of the Gulf Stream an abyssal current constraint can also
define a bifurcation between flow that separates from the shelf/slope and flow that
becomes a shelf slope current. In cases where they create a bifurcation on the north
side of the stream, often the result for the northern branch is a partial transition to-
ward a pathway more consistent with linear dynamics, but a transition that can be
limited by underlying abyssal currents.

Results from the simpler hydrodynamic model suggest that doubling the resolu-
tion from ~7 km to 3.5 km at mid-latitudes would reduce simulation sensitivity to
the AMOC by increasing the inertial character of the simulated Gulf Stream and
increasing the strength of the eddy-driven abyssal circulation. A comparison of the
nearly twin 1/12 and 1/25° global HYCOM simulations yields some support for
this finding. Each of these simulations was run for 10 years after initialization from
climatology, an initial state used by all the OGCM simulations considered here.
Starting in year 2, both develop a Gulf Stream pathway with a southern bias after
separation from Cape Hatteras. Later both develop a realistic pathway, but ultimate-
ly both develop an overshoot pathway. However, the 1/12° simulation has a realistic
mean pathway for only one year (year 8), while the 1/25° simulation has a realistic
pathway for four years (years 5-8). Both have shallower southward flow in the
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AMOC and a weaker abyssal current constraint on the Gulf Stream pathway than
the MICOM simulation and with a 5% increase in the strength of the AMOC and
especially conducive wind forcing, both ultimately develop an overshoot pathway.

Data assimilation has a strong impact on the Gulf Stream dynamics, especially
on variables that are sparsely observed or, in some cases, not at all in real time
(Sect. 21.4). Identical non-assimilative simulations are used as controls to help as-
sess the impact of the data assimilation. Both of the control simulations have a mean
Gulf Stream pathway with a southern bias and a weak AMOC with a southward
limb that is too shallow. As a result they do not simulate flow along isobaths that
yield observed abyssal currents (or their alternatives) that are relevant to a realistic
Gulf Stream pathway. Two data-assimilative hindcast experiments (state estimates
performed in arrears) were performed. A realistic mean Gulf Stream pathway is
imposed by the mean sea surface height (SSH) that is added to the SSH anomalies
from satellite altimeter track data, the key data type used to constrain the evolution
of currents and eddies. The SSH updates are projected on to the stratified water col-
umn using two different techniques, Cooper-Haines in the first hindcast, synthetic
temperature and salinity profiles in the second.

As expected, the data assimilation improves the SSH variability. The mean
strength and pathway of the Gulf Stream are strongly constrained by the mean SSH
added to the SSH anomalies from altimeter data, but the resulting mean Gulf Stream
is too weak. In the ocean interior the data assimilation increases the strength of the
AMOC and the depth range of its southward abyssal flow. A particularly salient
result is the impact of the data assimilation on the mean abyssal currents, which are
very different from the upper ocean currents and not observed in the assimilated
data set. Both hindcasts depict the relevant abyssal currents seen in historical in
situ observations, including the key abyssal current near 68.5°W and flow along the
continental slope feeding into it as well as an observed cyclonic gyre farther to the
west. These abyssal currents are well maintained in the mean of 48 14-day forecasts,
although some weakening of an already weak Gulf Stream occurs and median fore-
cast skill based on anomaly correlation >0.6 is only 10 days. The abyssal currents are
generated via vortex stretching and compression when the assimilated SSH updates
from altimeter data plus the mean SSH are projected downward. The data assimila-
tion approximates the observed variations in the ocean features, such as current path-
ways and eddies, and in response the model dynamics interpolate and extrapolate the
updates. The results indicate that in the process a more realistic AMOC generates
more realistic abyssal currents along the continental slope and the representation of
real variations in the Gulf Stream and related eddies in the upper ocean produces a
model response that simulates flow instabilities well enough to generate realistic
eddy-driven mean abyssal currents and maintain them in 14-day forecasts.
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