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Prevalence of Deformation-Scale Surface Currents
A. Paloczy' (2 and J. H. LaCasce!
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Abstract Understanding the transport of large ocean currents, like the Gulf Stream, has been of interest
since the early days of oceanography. There has been less attention on the widths of the currents, although there
exist several theoretical predictions. We present a census of time-averaged jet profiles, using in situ and satellite
data. The jets are typically asymmetrical, being narrower on the side with weaker stratification. The half-widths
L, are correlated with the local deformation radius L, associated with the first surface mode on either side. The
dependence of L; on L, is predicted by simple shallow water geostrophic adjustment models, with or without
outcropping layers. This implies that potential vorticity is well-mixed adjacent to the jets, due most likely to
mesoscale eddies. The findings suggest that surface jet widths are determined locally, by eddy-mean flow
interactions.

Plain Language Summary Narrow, persistent currents a few tens of kilometers wide are found

in several regions of the ocean, like fast-flowing rivers. The Gulf Stream and Kuroshio are familiar examples.
We use different measurements to show that these currents have a generic shape, being asymmetric relative to
their point of maximum velocity, that is, they are wider on one side and narrower on the other. The profile has
a distinctive shape and results from strong eddy stirring on either side of the jet. The jet widths depend on the
local density profile and on the Earth's rotation.

1. Introduction

Narrow, mesoscale surface jets are common in the World Ocean. Examples include the Western Boundary
Currents (WBCs), such as the Gulf Stream (GS), Kuroshio, Agulhas, Brazil and East Australian Currents (EAC).
These are important elements of the climate system, transporting heat and other properties (e.g., Hu et al., 2015;
Lietal., 2022). Other jets are found in the Antarctic Circumpolar Current (ACC, e.g., Lenn et al., 2007; Y. Firing
et al., 2011; Xu et al., 2020) or locked to steep topographic slopes, such as the Antarctic Slope Current (e.g.,
Pefia-Molino et al., 2016; Azaneu et al., 2017; Thompson et al., 2020) and the shelfbreak jet along the Middle
Atlantic Bight (e.g., Fratantoni et al., 2001).

There has been much attention to what determines the transport of the major jets. For example, the Sverdrup
transport, derived from integrating the wind stress curl across the North Atlantic, yields a reasonable estimate for
the GS transport in the Florida Straits (e.g., Gill, 1982; Czeschel et al., 2012). But there is also the question of the
width of the currents. Surface jets are barriers to lateral mixing (e.g., Bower et al., 1985; Samelson, 1992) and
sites of isopycnal upwelling and subduction (e.g., Spall, 1995; Gille et al., 2022), so the jets' lateral structure is
important for cross-stream tracer transport, water mass transformation and ventilation of the deep ocean.

A number of theoretical predictions exist. In Stommel (1948)'s seminal model of the GS, the width Ly = r/$ depends
on the bottom friction coefficient, r, and the meridional gradient of the planetary vorticity, f. Munk (1950)'s
1

model is similar but employs lateral (eddy) diffusion instead; the width, Ly = (As/ ﬁ)g, depends on the lateral

viscosity, A,. However, Munk's model requires large values of A, to yield a realistic GS width. This prompted
1

Charney (1955) to propose a nonlinear model. The resulting jet width, L; = (U;/f)2, depends on 8 and the
velocity in the Sverdrup interior, U,. All three models are barotropic (depth-invariant) and thus exclude baroclinic
effects. Parsons (1969) derived a two layer model of the GS, to understand how the current separates from the
western boundary. In the frictional and inertial limits, the widths are consistent with the previous models.

On the other hand, the width could reflect nonlinear eddy-mean flow interactions. Eddy momentum fluxes tend
to sharpen jets which are too broad and to widen jets which are too narrow (e.g., Held & Andrews, 1983). In a
study of topographic effects on jet stability, Paldczy and LaCasce (2022) found that the momentum fluxes were
near zero when the jet half-width was roughly 1.1-2 times the deformation radius (L,). A similar prediction
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follows from the argument that eddies tend to homogenize potential vorticity (PV) on the jet flanks. Such mixing
produces sharp PV gradients at the jet core with constant PV on the flanks, yielding a so-called “PV staircase”
(Marcus & Lee, 1998; Nakamura, 1999; Dritschel & Mclntyre, 2008, hereafter DMO08). In the baroclinic case, the
resulting jets have a half-width of L,. A more elaborate model, due to Esler (2008), incorporating PV homogeni-
zation on the jet flanks and minimum potential energy, also predicts a jet half-width of L,.

There are few observational studies of jet widths, but these are in accord with deformation scale jets. Such was
the case in the study of the GS by Rossby and Zhang (2001, hereafter RZ01) at 37°N, downstream of where the
current separates from the coast. Significantly, the current was found to be asymmetric, being narrower on the
inshore side. The width on each side of the jet maximum was shown to scale with the local L as the thermo-
cline is shallower on the inshore side, L, is smaller there. They also found that the PV was nearly constant on the
jet flanks, which they attributed to eddy stirring. The findings were supported by those of Archer et al. (2018,
hereafter A18), who examined surface velocity profiles in the EAC and Florida Current (FC). The profiles were
strikingly similar, indicating asymmetric jets with half-widths of the local L,,.

Are these findings typical of other surface jets? Hereafter we use a combination of satellite altimetry and direct
shipboard velocity measurements (Section 2) to show that they may well be (Section 3). We also discuss a simple
framework for the observed structure (Sections 4 and 5), and summarize our results and conclusions in Section 5.

2. Data

The data include satellite altimetry and repeat shipboard acoustic Doppler current profiles (ADCP). Figure 1
shows an overview of all data sets, with the locations of different surface jets indicated by the dots and boxes in
Figure 1a. To average the velocities, we define a time-dependent, jet-following reference frame with the origin
at the jet's core (e.g., RZ01, A18, Halkin & Rossby, 1985; Waterman et al., 2011; Delman et al., 2015; Archer
et al., 2017). We do this both for the cross-track surface geostrophic velocity derived from the satellite altimetry
data and the shipboard ADCP data (averaged in the upper 50 m). This avoids the smearing that would be intro-
duced by current meandering in a geographically fixed reference frame.

2.1. Satellite Altimetry

To examine the structure of the absolute geostrophic velocity across different surface currents, we interpolate
the gridded (1 min resolution) Mean Dynamic Topography (MDT) DTU15 product distributed by the Technical
University of Denmark (Andersen & Knudsen, 2009) to the ground tracks of a multi-satellite merged Sea Surface
Height Anomaly product (TPJAOS) distributed by the Physical Oceanography Distributed Active Archive Data
Center (PODAAC, Beckley et al., 2010). This product spans the 1993-2021 period and has an along-track reso-
lution of ~5.8 km, with a temporal resolution of =10 days (repeat time of each altimeter cycle). We use the
resulting time series of along-track Absolute Dynamic Topography (hereafter L2ZADT) crossing surface currents
in different ocean basins to derive cross-track surface geostrophic velocities. Specifically, we first use the DTU15
MDT to find locations with high mean surface geostrophic speeds, and choose the nearest altimeter ground
track from the TPJAOS product with a crossing angle as close to perpendicular to the jet's axis as possible (e.g.,
five ground-tracks crossing the GS are shown in Figure 1b). Along these transects, we compute the surface
cross-track geostrophic velocity. We first find the location where the ADT gradient is largest by fitting a ninth
degree polynomial to the L2ADT data, and then shift the ADT profile accordingly. Next, we use the daily,
Optimally-Interpolated ADT distributed by the Copernicus Marine Environment Monitoring Service (CMEMS,
hereafter L4ADT, Pujol et al., 2016) to determine the orientation of the jet relative to the fixed L2ZADT ground
track, and project the cross-track velocity derived from the L2ZADT on the jet direction. Thus we follow each jet
as it develops meanders and eddies.

2.2. Shipboard ADCP Data

We use data from a 150 kHz ADCP installed on the Antarctic Research and Supply Vessel Laurence M. Gould
(LMG), a vessel that regularly crosses Drake Passage between southern South America and Palmer Station in
the Antarctic Peninsula. We focus here on the shelf break jet at the northern end of Drake Passage, the Cape
Horn Current (CHC, Acha et al., 2004; Bouali et al., 2017), and on the ACC jets collocated with the Subantarctic
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Figure 1. Satellite and shipboard data sets in different ocean basins. (a) Time-mean surface absolute geostrophic speed U, (color scale, masked within £2° of the
equator) and MDT contours from the DTU1S5 product. The red dots indicate the satellite ground tracks and the CHC ADCP transect positions used to calculate
time-averaged jet profiles, while the red boxes delimit two of the regions examined: The GS (b) and Drake Passage (c). The red circles locate the synoptic GO-SHIP
jets. The blue lines on panel (b) are the ground track segments used to derive GS jet profiles (the three segments farther northeast are downstream of separation). The
U color scale is the same on panels (a) and (b). The green segment on panel (c) indicates the CHC, while the thick red, yellow and blue lines are the climatological
posmons of the SAF, PF and SACCF from Park et al. (2019). The thin red, yellow and blue lines are the individual ship crossings of each ACC frontal jet. The gray
contours are the 100, 1,000, 2,000, and 4,000 m isobaths from the SRTM15+ data set (Tozer et al., 2019).

Front, the Polar Front, and the Southern ACC front (SAF, PF and SACCEF, Figure 1c, e.g., Sprintall, 2003; Lenn
et al., 2007). Expendable Bathythermograph (XBT) profiles are also used to derive associated cross-stream
temperature and Ertel PV profiles for the CHC. The LMG ADCP data were processed with the Common Ocean
Data Access System (CODAS) framework (E. Firing & Hummon, 2010; E. Firing et al., 2012) yielding averaged
velocities at an along-track resolution of ~1.5 km, and projected on a stream-following coordinate system based
on the individual surface jets identified in the data. Both the ADCP and XBT LMG data sets are described by
Gutierrez-Villanueva et al. (2020). For the ACC jets, we use the daily CMEMS L4ADT maps to determine the
orientation of the jets at each ship crossing and rotate the ADCP velocity accordingly, while for the CHC (and the
GO-SHIP jets described below) we use the direction of the velocity vector averaged within +10 km of the core.
The time-varying ACC jet positions are derived from finding the maximum speed within 100 km of the point
where each ship track intersects Park et al. (2019)'s MDT-derived climatological ACC front positions (red, yellow
and blue lines on Figure 1c). Note that the poleward flank of the SACCF jet sometimes touches the Antarctic
continental slope.

We also use ADCP data from individual GO-SHIP lines crossing the Agulhas, Brazil and Guianas Currents (Figure
S1 in Supporting Information S1) to add more velocity profiles to our analysis. Unlike the LMG ADCP data, these
transects are not occupied frequently enough to enable time-averaging, but are useful because they sample surface jets
that are difficult to derive from altimetry due to the angle between the satellite ground track and the jet's orientation.
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Figure 2. (a—c): Observed time-averaged, near-surface jet profiles in stream-following coordinates. (a) GS Extension jet at 38°N derived from along-track altimetry
(L2ADT). The magenta line is the associated velocity profile from lower-resolution L4ADT maps. (b) CHC at 55°S derived from LMG ADCP data. (c) All

observed time-averaged jet profiles. All profiles are plotted such that the left side (x < 0) is the shallow pycnocline flank. Red and blue dashed lines on (a, b) are the
double-exponential fits on either side. The associated left/right half-widths L,/L, are the red/blue dots. The gray shading indicates + twice the standard errors. The
black and magenta curves on (c) are respectively the altimetry- and ADCP-derived jet profiles. The dashed curves are the ACC jets. (d—f): Surface jet widths L; versus
local deformation scale L, for all observed currents, with associated linear regression lines. Panels (d, e, f) are respectively the left (shallow pycnocline flank), right
(deep pycnocline flank), and total jet width versus local L. The open circles are the synoptic GO-SHIP jets (Figure S1 in Supporting Information S1), and the open
squares are the ACC jets. The stars are data from RZ01 across the GS. The “+” and “x” markers are data from A18 for the FC and EAC, respectively. Red (blue) is
based on the first surface (flat bottom) L, interpolated from LG20's global map. The gray dashed line is the 1:1 line. All correlation coefficients are significant at the
99% confidence level following the Student's #-test.

3. Observed Time-Mean Velocity Profiles

We begin by examining the cross-stream time-averaged structure of all the available surface jet profiles. Figures 2a
and 2b shows two examples: the GS near 38°N and the CHC. The left-right asymmetry is evident in both cases,
and as in the other currents close to a continental slope, the inshore width is smaller (Figure 2c). The CHC
(Figure 2b) is the only exception, with the inshore and more linear flank being slightly wider. Following the form
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of the solution for a theoretical model (Section 4) and similar to RZ01, we fit a combination of two exponentials
to each side of the jet. The fit is constrained to coincide with the velocity at the jet core and the data is trimmed
at the point where the velocity is 10% of the core value on either side (or a point close to the value farthest from
the jet core if the profile does not sample the 10% point).

The asymmetry is quantified by the half-widths L, and L, on the left and right flanks of each jet. We define the
half-widths as the points where the velocity is 50% of the core velocity. For comparison with the jet half widths,
we interpolated LaCasce and Groeskamp (2020, hereafter LG20)'s L, values associated with the first surface
mode. Surface modes are similar to the traditional baroclinic modes, except that the ocean bottom is assumed
to be rough rather than flat. Surface modes compare more favorably with observations from current meters and
satellite altimetry (de La Lama et al., 2016, LG20) than flat bottom modes. The first surface radius values were
interpolated to the altimeter or ship tracks and averaged on either side between the jet core and the 50% point.

Plotting the velocity profiles of all surface jets reveals widths spanning the range ~20-100 km, with peak veloc-
ities of ~0.5-1.75 m/s (Figure 2c). The finer-resolution ADCP data resolve the narrower, higher-latitude ACC
jets and the CHC (magenta curves in Figure 2c). The altimeter-derived velocities have smoother cores, but clearly
resolve the structure of the jets, unlike the L4ADT product (magenta line on panel a), which has an effective
midlatitude resolution of ~200 km (Ballarotta et al., 2019). The left-right asymmetry is clear in most jets, espe-
cially in those locked to bathymetry. The ACC jets (dashed magenta curves in Figure 2c) are the clearest excep-
tions: They are more symmetric and far from continental margins. The left-right L, difference is less than 0.5 km
for all three jets, consistent with theory (see Section 4).

To quantify the dependence, we plotted the observed jet widths against L, both surface and flat bottom
(Figures 2d-2f), for all 21 available velocity profiles. These represent the 14 time-averaged jets resolved in the anal-
ysis, plus the 4 synoptic jets from GO-SHIP lines (Figure S1 in Supporting Information S1), RZ01's GS profile and
A18's FC and EAC profiles. The scatterplots for the left (shallower pycnocline) and right (deeper pycnocline) jet
flanks are shown in Figures 2d and 2e. In the latter, the jet tends to be slightly wider than L ,, but the jet half-widths
are significantly correlated with the L, in both cases. Comparing the sum of the left and right surface L, against
the total width yields a correlation coefficient of 0.53-0.56 (Figure 2f). Choosing the 55% (45%) point instead
decreases (increases) the correlations in Figure 2f by up to 0.11 (0.02). Excluding the three ACC jets reduces the
correlations by 0.02-0.03, and excluding the four synoptic jets reduces the correlations by 0.24-0.25. The corre-
lations obtained with either the surface or the flat bottom radii are all significantly different from zero at the 99%
confidence level, but are statistically indistinguishable from each other with the 21 degrees of freedom available.

The limitations of the L, maps (including not being in a jet-following frame and deriving from a density climatol-
ogy which uses an isotropic objective mapping scheme) affect the correlations. Calculating the left (right) surface
L, directly from the stream-averaged CHC XBT data (Figure 3a) yields 6.3 (8.3) km, instead of 10 (12.7) km
(Figure 2b). Additionally, the rotation assumes that there is no along-stream variation in the velocity field across
the footprint of the rotation angle, and there is uncertainty in the rotation angle itself, because it comes from the
smooth L4AADT altimetry product.

As with the GS in RZ01, the near-surface PV exhibits a nearly step-wise distribution in the time-averaged CHC
(Figure 3b). In the GS case, the PV is dominated by the layer thickness component (RZ01's Figure 13), while
here, the relative vorticity contribution is important on the inshore flank. This may be because the interface
displacement is gentler than in the GS (compare Figure 3a with e.g., RZ01's Figure 12). The PV structure in many
of the other jets is likely similar to the GS's, where persistent vertical isopycnal displacements of O(100 m) are
commonly observed across the jet core.

4. Rationalizing the Jet Widths

The double-exponential asymmetrical velocity profile can be predicted using geostrophic adjustment (e.g.,
Cushman-Roisin & Beckers, 2011; Vallis, 2017) in a 1.5 layer shallow water model. Assuming an initial step-
wise pycnocline displacement (the dashed contour in Figure 3d) and no motion, the interface relaxes to a smooth
curve, balanced by a perpendicular geostrophic flow. The adjusted interfacial profile can be predicted by conser-
vation of PV:

\
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Figure 3. Observed time-averaged temperature and Ertel PV for the CHC from ADCP/XBT data. (a) Temperature (proxy for density) averaged in the same
stream-following frame as that used to obtain the velocity profile in Figure 2b, showing isotherm/isopycnal outcropping. (b) Total Ertel PV (black line) and
its individual components (magenta, red and blue lines) showing a PV jump across the jet's core. The 5.5°C isotherm is used as the interface. (c—f) Schematic
representation of the reduced-gravity shallow water geostrophic adjustment models for a generic jet with a PV discontinuity across its core. (c, d) 1.5 layer without
outcropping, with H,, H, values based on RZ01's measurements across the GS (their Figure 12). (e, f) 2.5 layers with outcropping top layer. Both layered models predict
asymmetrical jets with half-widths proportional to the deformation radii based on the layer thicknesses on each side of the jet (see Supporting Information S1).

where x is the cross-stream coordinate, g’ = g(p, — p,)/p, is the reduced gravity based on the active upper and
stagnant lower layer densities, v, is the relative vorticity of the jet, H(x) is the initial (step-like) interfacial profile,
and 7(x) is the final departure from H(x). The resulting asymmetrical jet profile is given by:

v(x) =

_ g,(Hr - HI)
f(L,+ L)

exp(_l-xl/Ll,r)

@)
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where H, and H, are respectively the interface depths on the left and right sides, and the associated deformation
radii are:

Li,L=gH /[ gH/f, 3

where L, indicates L, on the left side and L, on the right. Thus geostrophic adjustment predicts an asymmetric jet
with deformation-scale flanks (Figures 3¢ and 3d).

While some jets exhibit clear exponential dependence on one (e.g., right side in Figure 2b) or both sides, others
are rounded near the velocity maximum and some exhibit a more linear dependence on one flank (e.g., left side in
Figure 2b). The GS jet in Figure 2a is an example. A single-exponential velocity profile predicted by the 1.5-layer
geostrophic adjustment model yields a poor fit here and in many of the other jets (not shown).

But more general observed profiles can be obtained with a slightly more complicated model. In particular, one
can add an outcropping layer on the more stratified side, yielding a so-called “2.5 layer” model on that side.
Outcropping of deeper isopycnals is seen for many of the jets examined here (e.g., the CHC and the ACC jets),
and the presence of a mixed layer means that any surface jet will have some degree of outcropping, even if it is a
thin layer. The model is more complicated to solve analytically but is still tractable (see derivation in Supporting
Information S1). The resulting jets are also asymmetrical, but exhibit more complex structure depending on the
choices of resting layer thicknesses.

An example is shown in Figures 3e and 3f. The velocity near the jet maximum is rounded near the region where
the top layer outcrops. Also, the profile is less obviously exponential on either side of the jet; indeed, it is nearly
linear on the right side. Thus a profile like that of the GS in Figure 2a can be obtained with such an outcropping
model. But it also yields more exponential profiles if the outcropping layer is thinner (Figure S2 in Supporting
Information S1). Thus the 2.5 layer model appears to be the simplest which can capture the range of profiles seen
in the data.

The 2.5 layer solution, a combination of exponentials, is too complex to facilitate simple curve-fitting. For
this reason, we employed a linear combination of two exponentials on each flank (a function of the form
va(x) = ae™M/t1 4 be=XI/t2 4 ¢, where a, b, ¢, L,, and L, are free parameters) with the observed core profiles
(e.g., Figures 2a and 2b). This yielded reasonable fits in most cases.

The rounded profile near the jet maximum was also described by RZ01. They accounted for this by fitting two
exponentials on each side, one for the inner profile and one for the outer. They suggested the rounding was due
to lateral stirring near the jet maximum. Here we see that such a profile can obtain without such interior mixing,
provided that isopycnal outcropping occurs.

There is an additional aspect of the model. Because PV is conserved in the calculation, the PV in the final state
is the same step-wise distribution assumed for the initial state (Figures 3d and 3f). Thus an alternate way to view
the jet is as a geostrophically-balanced flow lying between two regions with homogenized PV, that is, a PV “stair-
case” (Marcus & Lee, 1998, DMO0S). As suggested by RZ01, this would be expected with vigorous lateral stirring
on the flanks, by mesoscale eddies for example,

Lastly, we note that the deformation radii in the 1.5 and 2.5 layer models correspond to surface radii, because
there is no flow in the bottom layer. So it is natural to compare the jet widths to surface radii, rather than flat
bottom radii.

5. Summary and Discussion

Previous observational studies of the GS (Halkin & Rossby, 1985, RZ01), the FC, and the EAC (Archer
et al., 2017, A18) revealed that their time-averaged surface velocity profiles are asymmetrical, with half-widths
similar to the local baroclinic deformation radius L,. By compiling velocity profiles from several surface currents
in different ocean basins (Figure 1), we find that this asymmetry and dependence on the local L, is likely ubiqui-
tous, with currents being ~20-100 km wide (Figure 2).

Both the quasi-exponential shape and the widths of the observed time-averaged velocity profiles are predicted by
simple layered geostrophic adjustment models (Figures 3c—3f and Supporting Information S1). The models are
equivalent to a PV inversion, assuming that the PV is constant on either side of the jet as a result of eddy stirring.
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When taking the finite depth change across the jet into account, one obtains an asymmetric jet. And a model with
layer outcropping predicts jet profiles which are not strictly exponential, but rounded near the maximum and even
approximately linear on one flank, as seen in many of the examples here (Figures 2a—2c). This paradigm empha-
sizes the importance of local eddy-mean flow interactions in setting the lateral scale of surface mesoscale jets.

While they did not make the explicit connection to the geostrophic adjustment problem, many of the essential
points were made by RZ01 regarding the GS jet from the Oleander ADCP data set. The jet half-widths were
linked to the L, on either side and the upper layer PV, that is, that above the 1,027 kg/m? isopycnal, was nearly
constant on the jet flanks. The results are also in line with linear baroclinic models which predict neutral momen-
tum fluxes when the jet half-width is deformation scale (Held & Andrews, 1983; Paléczy & LaCasce, 2022),
and with nonlinear models which assume PV homogenization on the jet flanks (Nakamura, 1999; Esler, 2008,
DMO08). Geostrophic adjustment models, like those considered here, are perhaps the simplest to exhibit the rele-
vant characteristics.

We tested other predictions for the jet width as well. Stommel's and Munk's models are linear and require large
1

damping coefficients to produce realistic jet widths. Charney's inertial boundary scaling L; = (U;/f)?2 predicts
the width to be proportional to the velocity scale for the Sverdrup interior flow, U,. This scale is very similar for
the different jets examined here, so the predicted jet widths depend primarily on latitude, through f. Comparing
L, with the observed widths for the subset of the WBCs in our analysis yielded poor correlations (not shown).
Furthermore, all three of these models are barotropic and predict symmetric jets, while the observations clearly
show asymmetric, deformation-scale jets.

The results imply that General Circulation Models must at least resolve the deformation radius to simulate jet
dynamics correctly. With coarser resolution, as is typical for example, in current climate models, the relevant
momentum fluxes are almost certainly not captured. This likely impacts how the models represent processes like
cross-jet mixing, subduction and the ventilation of the deep ocean.
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