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ABSTRACT: The Loop Current (LC) system has long been assumed to be close to geostrophic balance despite its strong
flow and the development of large meanders and strong frontal eddies during unstable phases. The region between the LC
meanders and its frontal eddies was shown to have high Rossby numbers indicating nonlinearity; however, the effect of the
nonlinear term on the flow has not been studied so far. In this study, the ageostrophy of the LC meanders is assessed using a
high-resolution numerical model and geostrophic velocities from altimetry. A formula to compute the radius of curvature of
the flow from the velocity field is also presented. The results indicate that during strong meandering, especially before and
during LC shedding and in the presence of frontal eddies, the centrifugal force becomes as important as the Coriolis force
and the pressure gradient force: LC meanders are in gradient-wind balance. The centrifugal force modulates the balance and
modifies the flow speed, resulting in a subgeostrophic flow in the LC meander trough around the LC frontal eddies and
supergeostrophic flow in the LC meander crest. The same pattern is found when correcting the geostrophic velocities
from altimetry to account for the centrifugal force. The ageostrophic percentage in the cyclonic and anticyclonic meanders is
47% * 1% and 78% = 8% in the model and 31% * 3% and 78% * 29% in the altimetry dataset, respectively. Thus, the
ageostrophic velocity is an important component of the LC flow and cannot be neglected when studying the LC system.
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1. Introduction

Mesoscale eddies drive a large fraction of the variability in
the ocean. Eddies with strong tangential velocity compared to
their translation speed are able to stay coherent and travel long
distances, carrying water mass properties, heat, nutrients, and
particles around the ocean (McWilliams and Flierl 1979; Flierl
1981; Chelton et al. 2011; Haller and Beron-Vera 2013). The
nonlinearity of these mesoscale features is greater for stronger
flow and greater curvature, which, consequently, is associated
with greater centrifugal force. Douglass and Richman (2015)
showed that strong, nonlinear eddies in the Atlantic are in
gradient-wind balance—they are governed by the pressure
gradient force, the Coriolis force, and the centrifugal force.
The ageostrophic flow associated with the centrifugal force was
also studied by Kontoyiannis and Watts (1990) in the Gulf
Stream using observations and by Chassignet and Xu (2017) in a
high-resolution North Atlantic Ocean model. Kontoyiannis and
Watts (1990) showed that the coalescence of cyclonic eddies
with the stream increased the ageostrophic flow to values up to
30%—-60% of the total observed velocity. Another study by
Penven et al. (2014) showed that Mozambique Channel rings
are also in gradient-wind balance.

In the Gulf of Mexico (GoM), a unique and very dynamic
system has long been assumed to be in geostrophic balance.
The Loop Current system is composed of the Loop Current
(LC)-the only ocean current in the GoM, the Loop Current
eddies (LCEs), and the Loop Current frontal eddies (LCFEs)
(Fig. 1). The LC is a warm current flowing from the Caribbean
Sea into the eastern GoM through the Yucatan Straits, turning
anticyclonically, and exiting the GoM through the Florida
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Straits, where it gives origin to the Florida Current. When a
maximum northward extension is reached, and the current
becomes unstable, a warm eddy, or LCE, detaches from the
LG, and flows southwestward toward Mexico at ~2.5-6cms ™!
(Lee and Mellor 2003; Schmitz 2005). The LC shedding is very
irregular and occurs every 6-17 months (Vukovich 1988;
Behringer et al. 1977; Sturges and Leben 2000). The detach-
ment of the LCEs is one of the unsolved problems in the
oceanographic community, and its prediction is still very in-
accurate since many variables and forcings are associated with
this process. On the other hand, it is known that the develop-
ment of baroclinic instability is an important component as it
leads to the formation and growth of the LC meanders before
and during the LCE shedding (Hamilton et al. 2016; Donohue
et al. 2016; Yang et al. 2020). Other processes such as the in-
trusion of Caribbean eddies and the increase in wind forcing
(Oey et al. 2003) as well as the variability of the Yucatan
Channel inflow (Ezer et al. 2003) have been shown to also in-
fluence the LC dynamics and shedding (Oey et al. 2005).
Baroclinic and barotropic instabilities in the LC drive the
formation and amplification of frontal, cyclonic eddies in the
vicinity of the LC: the LCFEs (Chérubin et al. 2006; Garcia-
Jove et al. 2016; Yang et al. 2020). Strong frontal eddies have
long been observed to play a role in the LCE detachment
(Cochrane 1972; Vukovich et al. 1979; Vukovich and Maul
1985; Vukovich 1988; Lee et al. 1995; Fratantoni et al. 1998;
Zavala-Hidalgo et al. 2003; Schmitz 2005). Linear and non-
linear interaction between the LCFE and the LC, and the ad-
vection of surrounding waters can cause further intensification
and growth of the LCFEs, which leads to the enhancement of
the LC meanders and, eventually, to the shedding of an LCE
(Hiron et al. 2020). Intensified LCFEs have large negative sea
surface height (SSH) (<—28 cm) and strong angular velocities,
and they have been carefully characterized in Hiron et al. (2020).
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FIG. 1. SSH field from altimetry for the Loop Current system,
which is composed of the Loop Current (LC), the Loop Current
eddy (LCE), and the Loop Current frontal eddy (LCFE). The LC
and LCE are shown by the 17-cm SSH black contour (Leben
2005) and the LCFE by the —28-cm SSH white contour (Hiron

et al. 2020).

Other processes, such as vortex merging, vortex alignment, and
vortex stretching, can also assist in the eddy intensification process
(Cochrane 1972; Zavala-Hidalgo et al. 2003; Walker et al. 2011; Le
Hénaff et al. 2012). As the LCFEs intensify and grow in size, their
distance from the LC decreases, the LC meander amplifies, and
the nonlinearity in the LC-LCFE front increases, reaching
Rossby numbers greater than one (Hiron et al. 2020).

While the highly nonlinear aspect of the LC-LCFE inter-
action was explored in Hiron et al. (2020), the effect of
ageostrophy on the flow has not been studied. This research
aims first to evaluate if the LC meanders are gradient-wind
balance and then, to understand how the ageostrophic term
affects the flow. For systems in gradient-wind balance, the
centrifugal force modulates the balance of forces, resulting in a
subgeostrophic flow in cyclonic eddies and supergeostrophic in
anticyclonic eddies (Wallace and Hobbs 2006). Here, the LC
has an anticyclonic motion, whereas the LCFEs are cyclonic
eddies, which makes the LC-LCFE interaction and the effect
of the centrifugal force more complex.

For this study, we will apply the same method as Douglass
and Richman (2015) to compute the gradient-wind velocity
from the geostrophic velocity and the radius of curvature of the
flow. Douglass and Richman (2015) only considered eddies
with closed cores and high circularity, and the radius was
computed from the area of the eddy. Our domain of interest is
the LC meanders and, in particular, the LC-LCFE front;
therefore, their method to compute the curvature cannot be
applied. Instead, we use a formula from Cohen et al. (2019)
that allows computing the radius of curvature of the flow from
the velocity field around any given point.

This research presents the first study on the ageostrophic as-
pects of the LC system and presents a method to compute the
radius of curvature of steady flows based on Cohen et al. (2019).
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We use a high-resolution model to study the ageostrophic
flow in the LC meanders during the last stages of the LC
(preshedding and perishedding) and in the presence of an
LCFE, which is when the LC meanders are sharper, and con-
sequently, the centrifugal force is more important. We then
apply the same method to altimetry data and show that the
geostrophic velocities can be corrected to account for the
effect of the centrifugal force.

2. Methodology

In this section, we first describe how the gradient-wind ve-
locity can be calculated from the geostrophic velocity, as al-
ready done in previous studies. Then, we present the formula
to calculate the radius of curvature of the flow around any
given point.

a. Gradient-wind balance

The term ‘“‘gradient wind” originated from meteorology
(e.g., Kurita et al. 1985) and can be used interchangeably with
“cyclogeostrophic.” The gradient-wind balance is the balance
between the centrifugal force, the Coriolis force and pressure-
gradient force, and can be reduced to one equation by
considering a natural coordinate system,

2
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where V., is the magnitude of the gradient-wind velocity
(Vg = uér + Uér)’ n is the SSH, fis the Coriolis parameter,
and R is the radius of curvature of the flow. Equation (1) is valid
for both anticyclonic and cyclonic flows and both hemispheres if R
is defined positive for counterclockwise flow and negative for
clockwise flow, i.e., positive for cyclonic and negative for anticy-
clonic motion in the North Hemisphere. If we replace g(91/0R) =
1V, (geostrophic balance), we can then express the gradient-wind
balance as

s 74 74 2
er —_ =
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where V, is the magnitude of the geostrophic velocity
(Vg = u2 + v§) A useful form of the solution of the quadratic
Eq. (2)' for V,, as a function of V, is given by Knox and
Ohmann (2006):

2V,

V o=— 8
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Equation (3) allows us to calculate the gradient-wind ve-
locity from the geostrophic velocity. The positive solution is
the one observed in most physical problems, as explained in
Knox and Ohmann (2006), and is the one used here. Note that
this equation has no real solution for anticyclonic flows (R < 0)
with |R| < 4V,/f. When R reaches this limit, V,, = 2V, which is
the limit for stable flows. It can be shown that for Vg > 2V, we
have |l > f, where {,, is the (negative) relative vorticity,
which triggers inertial instability in the flow and violates the
assumptions for gradient-wind balance (Knox 2003). On the
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FIG. 2. Rossby number for the LC system on (a) 26 May 1999, (b) 23 Apr 2000, and (c) 2 Feb 2001 using HYCOM version 2.3.01.
The 17- and —28-cm SSH contours are shown by the black and white lines, respectively. The letter C indicates the meander trough or
cyclonic meander whereas AC1 and AC2 indicate the meander crests or anticyclonic meanders.

other hand, cyclonic flows have no limit as the square root is
always positive and are free to intensify (e.g., hurricanes).
This method has been largely applied in the atmospheric
field (Brill 2014; Thompson et al. 2018; Cohen et al. 2019). In
oceanography, the study of the gradient-wind balance in
ocean eddies has been less frequent, but Olson et al. (1985),

1 Vg'
Vv

g

Ageo. (%)= X 100.
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The geostrophic velocity (u, v,) is calculated using the
SSH 7 field,

Chassignet et al. (1990), Olson (1991), and more recently u = _58_’7’
Penven et al. (2014), Douglass and Richman (2015), and ¢ foy
Chassignet and Xu (2017), showed that strong, nonlinear 5 ®)
eddies in the North Atlantic, the Mozambique Channel, and v, = +§£

the Agulhas Current are in gradient-wind balance. The
ageostrophic velocity associated with the centrifugal force is
calculated by subtracting the geostrophic component of the
flow from the gradient-wind velocity. The ageostrophic per-
centage of the flow is computed as

Note that the gradient-wind velocity has the same orienta-
tion as the geostrophic velocity and can be stronger or weaker,
dependent on the sign of the centrifugal force. The zonal and
meridional components of the gradient-wind velocity (i, vgr)

TABLE 1. Maximum Rossby number, gradient-wind velocity minus geostrophic velocity, and ageostrophic percentage for the Loop
Current meander troughs and crests for three different cases using a high-resolution numerical model and altimetry dataset. The anti-
cyclonic meanders 1 and 2 (AC1 and AC2) are the upstream and downstream meander crests, respectively, relative to the meander trough.
The LC meander trough or cyclonic meander is indicated by C (or C1 and C2 when multiple). The location of the LC meander trough(s)

and crests are shown in Fig. 2 and Fig. 7.

Gradient-wind — geostrophic

Dataset Cases Meander R, velocity (ms~1) Ageostrophic percentage (%)

Model 26 May 1999 C 1.72 —1.00 46
AC1 — 0.63 69

AC2 — 0.76 66

23 Apr 2000 C 3.70 —0.96 46

ACl1 — 0.73 80

AC2 — 1.00 83

2 Feb 2001 C 3.00 —1.48 48

AC1 — 0.74 83

AC2 — 0.57 84

Altimetry 10 Oct 2017 C 0.89 —0.37 33
AC1 — 0.35 38

AC2 — 0.71 99

14 Apr 2018 C 1.00 -0.41 32

AC1 — 0.78 90

AC2 — 0.32 42

29 May 2019 C1 0.97 -0.52 31

C2 0.69 —-0.30 27

AC1 — 1.05 99

AC2 — 0.73 97
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FI1G. 3. Magnitude of (a) total velocity, (b) geostrophic velocity, (c) gradient-wind velocity, and (d) gradient-wind
velocity minus geostrophic velocity, with their respective vectors, on 26 May 1999, a couple of weeks before LC
shedding, using HY COM version 2.3.01. The 17- and —28 cm SSH contours are shown by the black and white lines,
respectively. The white patchesin (c) show areas with undefined solutions due to small negative radius of curvature.

can be obtained by calculating the ratio between the gradient-
wind and the geostrophic velocity in natural coordinates, then
multiplying this ratio by each component of the geostrophic
velocity:

er gy’

8

_y Ve
vgr—ng. (6)

b. Radius of curvature of the flow

The main challenge to calculate the gradient-wind velocity is
the computation of the radius of curvature. Following Cohen
et al. (2019), the curl of a 2D vector field A can be expressed as
the sum of the shear and the curvature of the flow in natural
coordinates A

vm:ﬁ(%#%) %)

where A = ||A|, k is the vertical unit vector, and n is the unit
vector in the crosswind direction. Equation (7) is valid for
steady flows, in which the trajectories are equal to the

streamlines. We apply this equation to the 2D velocity field
v = (u, v) and obtain the relative vorticity formula, which is
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composed by the vorticity shear (first term) and the vorticity
curvature (second term). If we divide the velocity field by its
amplitude v in the relative vorticity formula (7), the shear
vanishes, and we obtain

1t v
R kV X (IIVII)’ 8
Thus, for steady flows, the radius of curvature R is the inverse
of the vertical component of the curl (i.e., the relative vorticity)
of the unit vectors of v. Using Eq. (8), R can be computed from
the flow around any given point.

Alaka (1961) proposes a more complete formula to calculate
the radius of curvature from the trajectories for flows in which
the trajectories are different from the streamlines [Eqgs. (14)
and (15) in their paper]. For our case, the LCFEs translate at
small velocities (Le Hénaff et al. 2014); therefore, we assume
the trajectories to be equal to the streamlines and use the
formula from Cohen et al. (2019).

3. Datasets
a. 1/100° free-run HYCOM

The Hybrid Coordinate Ocean Model (HYCOM) is a hybrid
isopycnal-sigma-pressure coordinate ocean model (Bleck 2002;
Chassignet et al. 2003), which uses isopycnal coordinates in the
open, stratified ocean, sigma/terrain-following coordinates in



MARCH 2021 HIRON
(@) Total velocity (23-Apr-2000) ms'lz
27°N =
1.5
1
25°N
0.5
23°N .
87°W 86°W 85°W 84°W
(c) ~ Gradient-wind ve]ocnty
27°N =
25°N
87°W 86°W SS“W 84°W

ET AL. 749
i : -1
(b) Geostrophic velocity ms”
27°
1.5
1
25°N
0.5
23°N b
87°W 86°W 85°W 84°W
ms 1
B 1
0.5
[ 0
25°N
-0.5
230N R ks . 1
87°W 86°W 85°W 84°W

FIG. 4. As in Fig. 3, but for 23 Apr 2000, during LC shedding.

shallow coastal regions, and a pressure coordinate near the
surface, in the mixed layer, and in unstratified seas. In this
research, we use a 10-yr free-running Gulf of Mexico sim-
ulation (HYCOM version 2.3.01) forced by surface hourly
wind fields provided by the Climate Forecast System
Reanalysis (CFSR) atmospheric product for the 1994-2003
period, with turbulent flux and wind stress calculated fol-
lowing the Kara bulk formulation (Fairall et al. 2003; Kara
et al. 2005) using absolute wind. The model is configured
with the very high resolution (1/100°) Gulf of Mexico high-
resolution (0.01° X 0.01°) bathymetric grid, version 2.0
(Velissariou 2014) and 41 vertical hybrid layers. The initial
conditions (1 January 1994) as well as daily boundary
conditions are provided by the HYCOM 1/12° (GOFS3.1)
reanalysis available on the HYCOM website (https://www.
hycom.org/dataserver/gofs-3ptl/reanalysis).

To match the SSH contours proposed by Leben (2005)
and Hiron et al. (2020) to identify the LC (17 cm) and the
LCFEs (—28cm), respectively, we added a constant offset
value of 0.15 cm to the modeled SSH. This ensures that the
averaged mean model SSH is the same as Leben (2005) and
Hiron et al. (2020) over the Gulf of Mexico and allows us to
compare the contours that identify the LC and LCFE fea-
tures in the figures.

b. AVISO+ SSH and geostrophic velocities

The reprocessed global ocean gridded L4 SSHs and
derived variables (from 1993 to present) processes data
from all altimeter missions (Jason-3, Sentinel-3A, HY-2A,
SARAL/AltiKa, Cryosat-2,Jason-2, Jason-1, TOPEX/Poseidon,
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Envisat, GFO, ERS-1/2), and was computed with re-
spect to a 20-yr mean dynamic topography. This product
has 1/4° resolution and is distributed by the Copernicus
Marine and Environment Monitoring Service (CMEMS).
In this study, we use the SSH above the geoid [i.e., the
absolute dynamic topography (ADT)] and the associated
geostrophic velocity.

The daily mean ADT over the Gulf of Mexico was sub-
tracted from the ADT field following Leben (2005) to re-
move the seasonal variability of the upper ocean associated
with thermal expansion and contraction. This mean is ob-
tained by averaging the ADT for each day over the Gulf of
Mexico deep water (>200m). The absolute dynamic to-
pography anomaly is herein referred to as SSH.

4. Nonlinearity in the LC-LCFE front

An indirect way to study ageostrophy is by quantifying
the nonlinearity of the system. Hiron et al. (2020) noted
an increase in the Rossby number in the LC-LCFE front
as the LCFE intensified. To evaluate if the model used in
this study captures the nonlinearity of the LC-LCFE front,
we calculated the Rossby number for the LC system for
three different cases of strong LC meandering in the
presence of LCFE: one case (26 May 1999) a couple of
weeks before a LC shedding and two other cases (23 April
2000 and 2 February 2001) during LC shedding (Fig.2). We
define the Rossby number R, as the absolute value of
the ratio between the relative vorticity » and the Coriolis
parameter f,
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FIG. 5. As in Fig. 3, but for 2 Feb 2001, during LC shedding.

A small R, (~0.1) indicates that the nonlinear term in the
momentum budget equation is small compared to the
Coriolis force and, therefore, can be neglected. In this case,
the system is potentially in geostrophic balance. On the
other hand, high R, (~1) shows that the nonlinear term is as
important as the Coriolis force, and therefore cannot be
neglected. In the model, the center of the LC appears to
have low R,. The LC front, on the other hand, is more
nonlinear. We observe high values (~1) in many places
around the LC front, but most importantly, we note an area
of high nonlinearity between the LC and the intensified
LCFE with values of R, exceeding 1 for the three cases. We
found maximum R, values of 1.72, 3.70, and 3.00 between
the LC and the LCFE for the three cases, respectively (Fig. 2
and Table 1). This result confirms the increase in nonline-
arity in the LC-LCFE front during eddy intensification, in
agreement with Hiron et al. (2020).

The geostrophic balance is, among others, based on the as-
sumption that the flow is slow and relatively straight. For re-
gions with strong flows and high curvature, the centrifugal
force becomes important, and the flow is no longer in geo-
strophic balance. The LC is very strong, with velocities
reaching up to 1.7ms ! (Forristall et al. 1992), and meanders
with high curvature are common, especially during the last
stages of the LC when baroclinic instability is important
(Hamilton et al. 2016; Donohue et al. 2016; Yang et al. 2020).
The last stages of the LC include the period before and during
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the shedding of an LCE. The intensification of LCFEs leads to
further growth of the meanders and can participate in the
shedding of the LC. Thus, high Rossby numbers in regions of
strong LC meandering indicates that the centrifugal force is
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FIG. 6. Schematic of the gradient-wind balance of forces and their
effects on the geostrophic and gradient-wind velocity in the Loop Current
meanders around high (H) and low (L) pressure centers. The solid line
represents the LC boundary, and the dashed line represents an LCFE.
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FI1G. 7. Rossby number for the LC system on (a) 10 Oct 2017, (b) 14 Apr 2018, and (c) 29 May 2019 using geostrophic velocity from
altimetry. The 17- and —28-cm SSH contours are shown by the black and white lines, respectively. The letter C indicates the meander
trough or cyclonic meander (C1 and C2 when multiple cyclonic meanders appear), whereas AC1 and AC2 indicate the meander crests or

anticyclonic meanders.

important. The next section will evaluate the impact of the
centrifugal force on the LC meanders.

5. Gradient-wind balance before and during LC shedding
and eddy intensification: Model perspective

The geostrophic velocity and the gradient-wind velocity
were computed following section 2 using the high-resolution
HYCOM for the three different cases of strong LC meandering
discussed in section 4 (Figs. 3-5). For the three cases, the LC

10-Oct-2017 SSH (m)
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85°W
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front is strong in particular around the LCFE, with values
reaching 2ms ™" (Figs. 3a, 4a, and 5a). The geostrophic velocity
is even stronger than the total velocity in the meander trough
around the LCFE, with values reaching 2.6, 2.8, and 3ms !
(Figs. 3b, 4b, and 5b, respectively). On the other hand, the
geostrophic velocity is slightly weaker in the meander crest
compared to the total velocity. The ‘“meander trough” is the
portion of the LC meander having a cyclonic motion, around
the LCFE, and the “meander crest” is the portion of the
LC meander with an anticyclonic motion above the meander

(b) Geostrophic velocity ms’
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FIG. 8. (a) SSH field from altimetry on 10 Oct 2017, a couple of weeks before LC shedding. Magnitude of
(b) geostrophic velocity, (c) gradient-wind velocity, and (d) gradient-wind velocity minus geostrophic velocity, with
their respective vectors. The 17- and —28-cm SSH contours are shown by the black and white lines, respectively.
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trough. In most cases, a second meander crest forms below the
meander trough. For systems in gradient-wind balance, the
geostrophic velocity overestimates cyclonic flows and under-
estimates anticyclonic flows. In fact, the gradient-wind velocity
is very similar to the total velocity for the three cases (Figs. 3c,
4c, and 5c), which confirms that the LC meanders are in
gradient-wind balance. Note that the white patches show areas
with undefined solutions due to small negative radius of cur-
vature. The difference between the gradient-wind velocity and
the geostrophic velocity (Figs. 3d, 4d, and 5d and Table 1)
averaged among the three cases indicates that the ageostrophic
component strengthens the flow by 0.74 + 0.15ms ™! in the
meander crest and weakens it by 1.15 + 0.29ms ™! in the me-
ander trough. The values of velocity discussed here are in
reference to the maximum values in the LC meander crests and
trough.

The strength of the ageostrophic component associated
with the centrifugal force is dependent on the strength
and the radius of curvature of the flow. We display in
Table 1 the values of the ageostrophic percentage [Eq. (4)]
for the locations where the ageostrophic flow reaches its
maximum in the cyclonic and the anticyclonic meanders. For
the model analysis, the ageostrophic velocity averaged among
the three cases consists of 47% = 1% of the geostrophic ve-
locity in the cyclonic meander and of 78% = 8% in the an-
ticyclonic meanders. These values were obtained by finding
the maximum ageostrophic velocity for each cyclonic and
anticyclonic meanders. For the three cases, the residual (i.e.,
the difference between the total velocity and the gradient-
wind velocity) is smaller than 0.2ms ™' in the LC meander
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trough and crests. As a comparison, Douglass and Richman
(2015) found the ageostrophic velocity corresponded to 21%
of the geostrophic velocity for the cyclonic eddy, and 53% for
the anticyclonic eddy.

The centrifugal force is always directed outward from the
rotational motion and modifies the balance of force differently
depending on its orientation relative to the pressure gradient
force and the Coriolis force. As predicted by the gradient-wind
theory, the flow in the LC meander trough around the LCFE is
subgeostrophic, whereas the flow in the LC meander crests is
supergeostrophic. The schematic in Fig. 6 summarizes the
balance of forces in the LC meanders in the presence of an
intensified LCFE.

6. Application to geostrophic velocities from altimetry

The gradient-wind method can be applied to geostrophic
velocities from altimetry, as done by Penven et al. (2014) and
Douglass and Richman (2015). The Rossby number and the
gradient-wind velocity were computed for three cases of
strong LC meandering in the presence of LCFE: one case
during LC shedding (14 April 2018) and two others a couple
of weeks before LC shedding (10 October 2017 and 29 May
2019). For the 2019 case, a second trough formed in associa-
tion with another LCFE. Since the geostrophic velocity and
the gradient-wind velocity have the same direction, the radius
of curvature of the flow can be computed from the geo-
strophic velocity.

For the three cases, the area between the LC and the LCFEs
presented high R,, values: 0.89 and 1.00 for the 2017 and 2018
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FIG. 10. As in Fig. 8, but for 29 May 2019, a couple of weeks before LC shedding.
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cases, respectively, and 0.97 and 0.69 for the upper and lower
troughs for the 2019 case, respectively (Fig. 7 and Table 1),
and coincides with the locations of high nonlinearity in the
model (Fig. 2). The gradient-wind velocity, the geostrophic ve-
locity, and the difference between the two velocities for the three
cases have similar patterns as the model output but with smaller
magnitudes (Figs. 8-10). The smaller velocity magnitude in the
altimetry dataset is partially due to the smoothing and the coarse
resolution of the SSH field. On average, the gradient-wind ve-
locity is slower than the geostrophic velocity in the LC mean-
der trough (—0.4 = 0.09 ms™ ') and faster than the geostrophic
velocity in the LC meander crest (0.66 + 0.28 ms™ ') (Table 1
and Figs. 8d, 9d, and 10d). The ageostrophic velocity consists of
31% = 3% of the geostrophic velocity in the cyclonic meander
and of 78% = 29% in the anticyclonic meander (Table 1).

7. Conclusions

This study demonstrates the importance of the centrifugal
force in the LC meanders using a high-resolution numerical
model and geostrophic velocity from altimetry. During the last
stages of the LC, before and during shedding, LC meanders get
sharper in particular due to the intensification of frontal eddies.
During these stages, the centrifugal force is as important as the
Coriolis force and the pressure-gradient force, i.e., the LC
meanders are in gradient-wind balance. The centrifugal force
modulates the balance and modifies the flow speed, resulting
in a subgeostrophic flow in the LC meander trough around the
LCFE and supergeostrophic flow in the LC meander crest,
following the gradient-wind theory.
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For the model analysis, the ageostrophic velocity averaged
among the three cases consists of 47% * 1% of the geostrophic
velocity in the cyclonic meander and of 78% = 8% in the an-
ticyclonic meanders. Since the gradient-wind velocity can be
calculated from the geostrophic velocity, data from altimetry
can be corrected to account for the effects of the centrifugal
force. We applied this technique to an altimetry dataset, and
we obtained similar patterns for the effect of the centrifugal
force as the one obtained with the model. For the altimetry
dataset, the ageostrophic flow associated with the centrifugal
force is of 31% * 3% in the cyclonic meander and of 78% =*
29% in the anticyclonic meander.

These findings highlight the importance of measuring the
total velocity, e.g., from techniques such as APEX-EM floats
(Shay et al. 2019) or high-frequency (HF) radars (Shay et al.
2007), to avoid overestimating/underestimating the flow in the
LC meanders. The ageostrophic velocity is an important
component of the LC flow and, therefore, cannot be neglected
when studying the LC system.
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