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The Northern Hemisphere jet stream
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The Antarctic Circumpolar Current
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Zonal jets on Jupiter
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Why are there jets?

‣ In some ways, it’s a classical chicken-and-
egg problem

‣ Unstable zonal jets lead to eddies

‣ Eddies maintain zonal jets

‣ The first part of that statement will be 
covered tomorrow, I’ll focus on the second 
part

‣ How do an eddy-filled atmosphere and 
ocean give rise to zonal jets

Global atmospheric circulation
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The short answer

‣ Rossby waves radiating away from an unstable jet cause 
a convergence of momentum
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i

Fig. 12.3 Generation of zonal flow on a �-plane or on a rotating sphere. Stirring
in mid-latitudes (by baroclinic eddies) generates Rossby waves that propagate away
from the disturbance. Momentum converges in the region of stirring, producing
eastward flow there and weaker westward flow on its flanks.

From Vallis (2006)

From Vallis (2006)

Vallis book

‘Simple’ explanation of the formation of zonal jets
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‣ Now the point is, that nonlinear terms in the equations of motion will lead to products of 
the perturbations. In the case of the incompressible Navier-Stokes equation

‣ Similar terms show up in the temperature equation and in the vorticity equation

Eddy decomposition and Reynolds stresses

‣ Any field can be decomposed into a temporal mean (overbar) and a perturbation to 
that mean (prime)

u = u + u0

v = v + v 0

q = q + q0

b = b + b0

Vallis book
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‣ If we multiply this by q’ and take the zonal average, we get

‣ In which the left-hand term is the eddy enstrophy. Both v’q’ and D’q’ play an important 
role in this equation

Reynolds decomposition of the PV equation

‣ Let’s turn to the quasi-geostrophic model with potential vorticity q in a zonal channel

‣ If we do a Reynolds decomposition and take the zonal mean, we get

‣ Where, because of the assumptions in QG
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Eliassen-Palm fluxes

‣ Let’s decompose the v’q’ term. Start with the definition of the potential vorticity

‣ Now take anomalies and multiply by v’ to get

‣ And then taking zonal averages again leads to

‣ So the meridional flux of eddy potential vorticity is governed by both the flux of eddy 
momentum and the flux of eddy buoyancy 
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Reynolds and Form stresses

‣ Define the Eliassen-Palm flux as 

‣ So the divergence of this flux, which is the meridional flux of eddy potential transport 
is 

‣ Where     is the reynolds stress and    is the isopycnal form stress
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Example: Atlantic-Indo interocean exchange of NADW

Stommel [1958]

4 ±2 2.7 ±5

12.1±9

10.7 ±7

4.8 ±3

?
6.5 ±3

7.5 ±2

11.1 ±4
3

7

15.9 ±10

9.7 ±5

Arhan et al [2003]

Tuesday, 17 June 14



Tracing the deep pathway with numerical particles
Trajectories of 10% of particles for 25% of integration timeAdvecting particles

‣ Using the 3D deep 
velocities in the Japanese 
OFES model

‣ NCEP forcing

‣ 1/10 degree global

‣ Using the CMS code for 
Lagrangian particle 
tracking

‣ 100,000 particles released 
in DWBC between 1000 m 
and 3500 m depth, using 
the RSMAS CMS code

‣ Particles advected for 200 
years, cycling through 26 
years of velocity fields

‣Movie shows first 45 years 
of 10% of floats

Van Sebille et al., 2012, J Geophys Res

Movie available at www.youtube.com/user/erikvansebille
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The deep pathway in the South Atlantic
Transport by particles through each grid cell
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The relation to Agulhas rings
The mid-latitude NADW pathway and the Agulhas ring corridor

SSH variability (colors, in cm
2
) and connectivity (lines)
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‣ PV is conserved in the deep ocean, so 
water only crosses f/h if there is a PV 
sink

‣ Agulhas rings can provide such a sink, 
by squeezing the NADW underneath

‣ Start with the steady state potential 
vorticity balance in the NADW layer 

‣Method proposed by Hogg [1993] and 
Killworth [1997]

How can Agulhas rings influence the deep layer?
NADW Potential vorticity

constant, meaning that floats cross many more grid cells in
this region (Figure 3). Indeed, the deep eddy kinetic energy,
calculated from the Lagrangian floats [Griffa et al., 2008], is
much higher in the Cape Basin than along the rest of the
pathway (Figure 4a), although the whole pathway stands out
with higher eddy kinetic energy than the regions to the north
and south. The elevated eddy kinetic energy in the Cape
Basin is almost certainly related to Agulhas rings. The path
of Agulhas rings in the OFES model can be visualized by the
variability in sea surface height (Figure 4b), which shows
that the Agulhas ring corridor coincides with the central axis
of the NADW pathway through the Cape Basin. Hence,
Agulhas rings may provide the required sink of potential
vorticity that enables NADW to advect meridionally.
[21] Figure 5 shows a Hovmöller diagram which also

highlights the juxtaposition of Agulhas rings and the flow of

NADW. Colors depict the cross-sectional, depth-averaged
velocity (positive northwestward) on a section perpendicular
to the axis of the NADW pathway through the Cape Basin
(see Figure 1 for the location of the section). An overlay of
the 15-cm sea surface height contour in black shows Agulhas
rings passing through at a rate of approximately 3 rings per
year. Since the rings are anticyclonic and advecting north-
westward, there is large positive (northwestward) velocity on
their northeastern side and a smaller negative (southeast-
ward) velocity on their southwestern side. The black dots
depict where and when the Lagrangian floats cross the line
for the first time. These dots show that most of the floats
cross the line just outside and to the northeast of the
Agulhas ring corridor, predominantly in patches of strong
deep southeastward flow during or just after a ring pass-
ing. This suggests that the deep southeastward flow is
associated with the passing of individual Agulhas rings
themselves, even though the flow direction within the
Agulhas rings is northwestward.

3.2. Eddy Thickness Fluxes and Their Effect on NADW
Pathways
[22] From the above analysis of Lagrangian trajectories, it

appears that the flow of NADW through the Cape Basin is
related to the path of northwestward moving Agulhas rings.
The question is then how the rings and the deep flow are
coupled. We propose here that the mechanism driving the
southeastward flow of NADW is a divergent eddy thickness
flux imposed on the NADW layer by Agulhas rings, as
explained in the following. This mechanism is similar to that
proposed by Hogg [1983] for the deep recirculation under
the Gulf Stream.
[23] The equation for the steady state potential vorticity

balance in the NADW layer can be written as:

u ⋅ rHQ! Q
∂w∗
∂z

" #rH ⋅ u!Q! $1%

where Q = ( f + z)/h is the potential vorticity, rH is the
horizontal gradient operator, and Q " Q! Q! and u "
u! u! are the decompositions of potential vorticity and
horizontal velocity into a time mean and the anomalies with
respect to this time mean. The first term on the left in
equation (1) is the mean flow across isolines of potential
vorticity, the second term on the left is vertical stretching
due to a time-mean diapycnal vertical velocity w*, and the
term on the right is the divergence of the eddy potential
vorticity flux. In the case of the Stommel and Arons [1960]
model, the term on the right is assumed zero and the
flow across isolines of potential vorticity is due to dia-
pycnal stretching, which in its most simple linear form is
bv = f∂w∗/∂z. Here, however, we show that the eddy
potential vorticity flux term is significant in the Cape Basin
and much larger than the diapycnal stretching term, such
that the balance becomes primarily one between the first
and third terms in equation (1).
[24] Since the velocities in the NADW layer are relatively

small, on the order of 5 cm/s, we can assume z ≪ f. We also
assume that h! ≪ h and that the thickness variations of the
NADW are governed by the (ring-induced) fluctuations of
the upper interface h, with neglect of fluctuations in the

Figure 5. Analysis of the relation between Agulhas rings
and southeastward flow of NADW, in the Cape Basin
between (35&S, 5&E) and (29&S, 12&E). See Figure 1 for the
location of this line. (a) The colors denote the cross-section
velocity in the NADW layer, and the black dots represent
the latitude and time of the first crossing of the section for
all floats that reach the Agulhas section. For clarity, only
five years of the data is shown here, which is representative
of the full time series. The black ellipses show contours of
the 15 cm sea surface height isolines and depict the cross-
ings of Agulhas rings. (b) The total transport per degree
by all the floats shown in Figure 5a. From this analysis, it
appears that the majority of the floats in the NADW path-
way cross the Cape Basin on the northeastern side of the
Agulhas rings.
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Simplifying the model

‣ Assume that ζ ≪ f and h’ ≪ h and that the thickness variations of 
the NADW are governed by the (ring-induced) fluctuations of the 
upper interface η, with neglect of fluctuations in the lower interface. 
Then 

lower interface. Then equation (1) becomes [e.g. Hogg,
1993; Killworth, 1997]:

u ! rHQ ! f0

h
2 rH ! u!h! "2#

This also requires that the eddy relative vorticity flux u!z! is
small in comparison with the eddy thickness flux, which we
have validated in the model. Here, u is the depth-averaged
horizontal velocity between the upper (gn = 27.88 kg/m3)
and lower (gn = 28.12 kg/m3) interfaces, and h is the depth
of the upper interface. Equation (2) tells us that the mean
flow of NADW across isolines of potential vorticity is
forced by the divergence of eddy thickness flux. We can
think of thickness flux as the rectified effect of the interface
and velocity anomalies imposed by Agulhas rings on the
NADW layer.
[25] Calculating eddy thickness flux (u!h! ) in the model,

we find that it is large in the Cape Basin under the Agulhas

ring corridor, where the flux vectors point southeastward
(Figure 6a). This pattern of eddy thickness flux is caused by
the northwestward propagation and decay of the Agulhas
rings, as will be discussed in more detail later. The diver-
gence of this eddy thickness flux results in a mean flow of
NADW across the mean potential vorticity gradient (uPV,
Figure 6b) and is obtained by dividing the right-hand side of
equation (2) by the magnitude of the mean potential vorticity
gradient in the NADW layer:

uPV ! f0

h
2

rH ! u!h!
rHQ
!! !! "3#

The uPV pattern, shown in Figure 6b, is rather patchy but
shows a dipolar band along the ring corridor, with negative
(southward) cross-isoline flow on the northern side of the
ring corridor and positive (northward) flow on the southern
side. While difficult to see in Figure 6b, there is also an
asymmetry to this pattern, in which the southward uPV on the

Figure 6. Maps of (a) vectors of u!h! and (b) the magnitude of uPV in the OFES data; see also equation
(3). The red lines in Figure 6a are the 0.50 Sv isolines of connectivity (see Figure 3), showing the location
of the main pathway for NADW. The black lines in Figure 6b are lines of constant f/h for the NADW
layer. The vectors in the Cape Basin point southeastward since the Agulhas rings move northwestward
and depress the upper NADW interface. The divergence of this vector field is the eddy thickness flux forc-
ing term, that leads to flow uPV across isolines of f/h, which is shown in Figure 6b. Negative velocities
yield an approximately southward component to the flow in the Cape Basin.

VAN SEBILLE ET AL.: NADW PATHWAYS IN THE SOUTH ATLANTIC C05037C05037
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Mean flow across
isolines of potential vorticity

Divergence of the 
eddy thickness flux

Van Sebille et al., 2012, J Geophys Res
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An equation for cross-f/h flow by Agulhas ring thickness flux
The velocity across f/h contours

‣ The eddy-flux balance from the 
previous slide

uPV =
f0

h
2

rH · u0⌘0

|rHQ|

lower interface. Then equation (1) becomes [e.g. Hogg,
1993; Killworth, 1997]:

u ! rHQ ! f0

h
2 rH ! u!h! "2#

This also requires that the eddy relative vorticity flux u!z! is
small in comparison with the eddy thickness flux, which we
have validated in the model. Here, u is the depth-averaged
horizontal velocity between the upper (gn = 27.88 kg/m3)
and lower (gn = 28.12 kg/m3) interfaces, and h is the depth
of the upper interface. Equation (2) tells us that the mean
flow of NADW across isolines of potential vorticity is
forced by the divergence of eddy thickness flux. We can
think of thickness flux as the rectified effect of the interface
and velocity anomalies imposed by Agulhas rings on the
NADW layer.
[25] Calculating eddy thickness flux (u!h! ) in the model,

we find that it is large in the Cape Basin under the Agulhas

ring corridor, where the flux vectors point southeastward
(Figure 6a). This pattern of eddy thickness flux is caused by
the northwestward propagation and decay of the Agulhas
rings, as will be discussed in more detail later. The diver-
gence of this eddy thickness flux results in a mean flow of
NADW across the mean potential vorticity gradient (uPV,
Figure 6b) and is obtained by dividing the right-hand side of
equation (2) by the magnitude of the mean potential vorticity
gradient in the NADW layer:

uPV ! f0

h
2

rH ! u!h!
rHQ
!! !! "3#

The uPV pattern, shown in Figure 6b, is rather patchy but
shows a dipolar band along the ring corridor, with negative
(southward) cross-isoline flow on the northern side of the
ring corridor and positive (northward) flow on the southern
side. While difficult to see in Figure 6b, there is also an
asymmetry to this pattern, in which the southward uPV on the

Figure 6. Maps of (a) vectors of u!h! and (b) the magnitude of uPV in the OFES data; see also equation
(3). The red lines in Figure 6a are the 0.50 Sv isolines of connectivity (see Figure 3), showing the location
of the main pathway for NADW. The black lines in Figure 6b are lines of constant f/h for the NADW
layer. The vectors in the Cape Basin point southeastward since the Agulhas rings move northwestward
and depress the upper NADW interface. The divergence of this vector field is the eddy thickness flux forc-
ing term, that leads to flow uPV across isolines of f/h, which is shown in Figure 6b. Negative velocities
yield an approximately southward component to the flow in the Cape Basin.
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‣ Can be rewritten to find the velocity 
across f/h contours
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Rewriting the balance

Van Sebille et al., 2012, J Geophys Res
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Turning uPV into a stream function
The velocity across f/h contours

‣ The cross-f/h velocity uPV 
be integrated to a stream 
function (along f/h contours)

‣ with

Integrating uPV

 =

Z
uPV ds

Streamfunction [Sv]
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NADW (black arrows) follow 
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‣ Now, a scaling argument for the crossing from linear Rossby waves to 2D turbulence is

‣ Or

‣

Why are jets zonal? Another explanation for zonal jets

‣ We know that in 2D turbulence, there is a cascade to larger scales of motion

‣ However, on a beta-plane, Rossby waves can interfere with this inverse cascade

‣ The effect is an anisotropy that causes preferential zonal flow

‣ Recall the dispersion relation for linear Rossby waves

! = � �kx

kx

2 + ky

2

⌧k = ✏�1/3k�2/3

✏1/3k2/3 =
�kx

kx

2 + ky

2

McWilliams book
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‣ From previous slide: scaling 
arguments give us

‣ Solving this gives the 
boundary in the figure on the 
right

‣ In 2D turbulence, energy 
cascades to larger scales 
(lower wave numbers)

‣ However, turbulence can’t 
easily cross the boundary

‣ So kx can get smaller than ky, 
leading to zonally elongated 
turbulence (jets?)

The Rossby wave-turbulence boundary anisotropy

✏1/3k2/3 =
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Fig. 9.2 The anisotropic wave–turbulence boundary k�, in wave-vector space calcu-
lated by equating the turbulent eddy transfer rate, proportional to k2/3 in a k�5/3

spectrum, to the Rossby wave frequency �kx/k2, as in (9.14). Within the dumbbell
Rossby waves dominate and energy transfer is inhibited. The inverse cascade plus
Rossby waves thus leads to a generation of zonal flow.

From Vallis (2006)

From Vallis (2006)

McWilliams book

The wave-turbulence boundary

Linear Rossby waves

Turbulence

Turbulence
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Numerical simulation of 2D turbulence
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Fig. 9.3 Evolution of the energy spectrum in a freely evolving two-dimensional simu-
lation on the �-plane. The panels show contours of energy in wavenumber (kx, ky)
space at successive times. The initial spectrum is isotropic. The energy ‘implodes’,
but its passage to large scales is impeded by the �-effect, and second and third pan-
els show the spectrum at later times, illustrating the dumbbell predicted by (9.14)
and Fig. 9.2.1

From Vallis (2006)

From Vallis (2006)

McWilliams book

Numerical simulation of evolving 2D turbulence
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Emerging zonal jets: the effect of averaging eddies
Three years of ssh anomalies from satellite altimetry
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Striations: Subtropical zonal jets in the ocean

and South America. The crests are marked by red lines in
Figures 2e and 2m, which are also repeated on some of the
other panels in Figure 2 for reference purposes. Character-
istic values of MDOT0, estimated from Figures 2e and 2m,
are about 0.5–1.5 cm.

3. Stationary Quasi-Zonal Jet-Like Features
(Striations) in in Situ Data

[6] The largest historical dataset available for this study is
the collection of XBT profiles in the World Ocean Database
2005 [Boyer et al., 2006]. In this study, XBT data were
combined with the profiling float data collected in the same
dataset. Both data are highly heterogeneous in time and
space, have limited accuracy, and are contaminated with a
broad range of signals, from internal waves to eddies to
seasonal cycle. Northern and southern domains are covered
by 116300 and 10160 profiles, respectively, the majority (98
and 85%) of which come from XBTs in 1966–2005. The
smaller number of XBT data in the southern domain is
compensated by somewhat more robust striations compared
to its northern counterpart. Data interpolated onto standard
depths were gridded horizontally on a half-degree grid, the
same as MDOT. A triangular filter was applied to each grid
in each direction to slightly smooth the data. Isolines of
mean temperature at depths of 100 m (hereafter, T100;
Figures 2b and 2j) agree qualitatively with the isolines of

MDOT (Figures 2a and 2i). The range of T100 exceeds 12!C
(10!C) in the northern (southern) domain.
[7] As in the case of MDOT, the striation signal T0

100 is
well hidden behind the large-scale field T100. However, two
consecutive applications of the filter described in the
previous section reveal striations (Figures 2f and 2n) of
characteristic amplitude 0.5!C, whose locations and orien-
tations correspond well with the ones in MDOT0.
[8] The striation signal is also distinct in the data of mean

depth D12 of the 12!C isotherm. This isotherm lies close to
the depth of the thermocline and outcrops at the sea surface
in the poleward parts of both domains (Figures 2c and 2k).
The maximum depth of D12 reaches 300 m in the North and
375 m in the South Pacific. Figures 2g and 2o illustrate the
high-pass filtered D0

12 having amplitude of about 5 m.
Again, locations of the features in D0

12 are consistent with
those of the striations seen in MDOT0.
[9] To derive the dominant harmonics associated with the

striations we performed spectral analysis by applying the
Fast Fourier Transform (FFT) to the 32 ! 32 point sub-
domains of our half-degree grid. Locations of the subdo-
mains are marked by white rectangles in Figure 2, and the
calculated power spectral densities are plotted in Figure 3.
Based on observations, each spectrum demonstrates a
single, isolated maximum whose position indicates with
confidence the deviation of the direction of the dominant
wave vector from meridional. Additional estimates of the

Figure 1. (a) 1993–2002 mean zonal surface geostrophic velocity calculated from the MDOT of Maximenko and Niiler
[2005] high-pass filtered with a two-dimensional Hanning filter of 4! half-width. (b) Ensemble-mean zonal drifter velocity
calculated from the data of NOAA AOML. Rectangles in Figure 1a outline two study domains. Units are cm/s.

L08603 MAXIMENKO ET AL.: STATIONARY JET-LIKE FEATURES L08603

2 of 6

Maximenko et al., 2008, Geophys Res Lett

Averaged high-pass filtered SSH anomalies
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Striations as an emergent property

slowly moving eddies and stationary jets, or that their
optimal interpolation scheme uses a somewhat larger cor-
relation scale in the zonal direction than in the meridional
direction, potentially favoring elongated structures. To verify
the robustness of the results, we compared the Argo‐derived
surface zonal velocity to geostrophic velocity based on a map
of absolute dynamic topography from AVISO. This map
combines temporal variations in sea surface height from
altimetry [Ducet et al., 2000] with an estimate the of mean
dynamic topography. The dynamic topography is referred to
as CNES‐CLS09 and is an updated version of the estimate
produced by Rio et al. [2005] and described by Rio and
Hernandez [2004]. We will refer to these as the AVISO
surface velocity estimates.
[9] The Argo‐ and AVISO‐based velocities in the region

east of 40°W are compared in Figure 2. To isolate con-
centrated currents, the large‐scale gyre circulation is first
removed from the zonal velocity field using a high‐pass
filter with a cut‐off wavelength of 4° in the meridional
direction. This scale is much larger than that of the jet‐like
patterns in Figure 1 and is similar to the scale used by most
other authors when studying zonal jets. Note that the mean
dynamic topography used in the AVISO velocity estimates
does not contain Argo subsurface displacement data and is
largely independent of the estimate produced by Willis and
Fu [2008]. Most of the zonal jets in the Argo data are clearly
seen in the 2004–2006 AVISO data; the spatial correlation
between the two fields is 0.75.
[10] The analysis also strongly suggests that the jets

observed in the 2004–2006 AVISO‐derived zonal velocities

are stationary (Figures 2b–2d). For example, the zonal jets
in the 2004–2006 AVISO period are similar to the zonal jets
in another 3‐year (2001–2003) period; the spatial correlation
is 0.59. Most importantly, the 18‐year (1992–2010) time
mean, the longest altimetry record, exhibits the same
(although somewhat smeared) jets. The spatial correlation
between these 3‐year and 18‐year jets is as high as 0.79.
Such stationarity would be extremely hard to explain if these
jets were a simple signature of isolated random eddies,
averaged over a short period of time, as suggested by Schlax
and Chelton [2008].

4. Automated Detection of Quasi‐Zonal Jets

[11] Figures 1 and 2 exhibit rich structure in the zonal
velocity, which includes elongated quasi‐zonal jets and more
isotropic, eddy‐like patterns. The separation of these two
circulation patterns in such a complex geographical domain is
challenging, if spectral filtering or spatial averaging are used.
In order to concentrate on the jets, we develop an objective
algorithm for their automated detection.
[12] The algorithm to objectively detect zonal jets itera-

tively seeks jet axes and boundaries in the velocity field.
Axes are defined as lines over which the zonal velocity
reaches a local maximum, with two additional constraints:
(1) the axis can cross only grid points where the high‐pass
filtered velocity is larger than a threshold velocity (in this
case 1 cm/s) and (2) between two consecutive grid cells in
the zonal direction, the axis can shift no more than two grid
points north or south. The latter requirement allows us to
avoid “jumps” between two adjacent jets. The jet boundaries
are defined by the region adjacent to the given jet axis where
the velocity is larger than the threshold velocity.
[13] Additional constraints are imposed to select zonally

stretched jets. In particular, each of the jet axes is checked
for sufficient zonal extent (minimum of 5°), vertical extent
(minimum 500 m deep) and a ratio between zonal and
meridional extent (larger than 2). Axes that do not pass
these tests are discarded. This results in a set of on average
12 eastward and 13 westward flowing quasi‐zonal jets per
depth level (Figure 3). The conclusions presented here are
not sensitive to the choice of these parameters.

5. Jet Properties

[14] The objective algorithm applied to these data pro-
vides a unique opportunity to study the three‐dimensional
spatial structure of the jets. Here, the horizontal structure is
studied at 1000 m depth and the vertical structure at 20°W
(see also Figure 3). The results are similar at other depth
levels and longitudes east of 40°W.
[15] Both westward and eastward jets have a positive

(southwest to northeast) tilt with respect to latitude
(Figure 4a). The best‐fit estimate for the tilt for all jets
combined is 5.7°, with the eastward jets having a somewhat
larger tilt than the westward jets. Most of this difference,
however, can be attributed to one jet flowing southwestward
between (30°W, 53°N) and (10°W, 47°N) (see Figure 3
and the discussion). Maximenko et al. [2008] observed a
stronger, but also positive tilt of 13° of their striations in the
subtropical Pacific Ocean. Contrary to the horizontal plane,
the jet tilt in a vertical is not statistically significant (not
shown).

Figure 1. Evidence of quasi‐zonal jets in the Argo data for
2004 through 2006: (a) the map of zonal velocity at 1000 m
shows many zonally elongated areas of eastward and west-
ward velocity. Areas shaded gray are deeper than 2000 m,
where no data is available. (b) A vertical cross section at
20°W of the same data shows that the alterations of positive
and negative velocity are vertically coherent and reach to
depths of more than 2000 m.
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Oceanic striations independent of averaging period

[16] Consistent with their considerable vertical extent,
large velocities (!5 cm/s), and widths of 100 to 200 km, the
jets transport significant amounts of water. Of all the east-
ward jets, 50% carry more than 4.3 Sv, while 25% carry
more than 7.5 Sv. For the westward jets, these numbers are
4.4 Sv and 7.5 Sv, respectively.
[17] We find no significant difference between the width

of the two types of jets (Figure 4b). This is in contrast to

Panetta [1993], who used a two‐layer quasi‐geostrophic
model to conclude that eastward jets are generally narrower
than westward jets, but is in agreement with most GCM
studies [e.g., Kamenkovich et al., 2009]. The typical jet
width of 100 to 200 km found here is slightly smaller than
reported by Maximenko et al. [2005], which can be attrib-
uted to the greater depths at which the jets are studied, but is
consistent with Kamenkovich et al. [2009].

Figure 3. The automatically detected quasi‐zonal jets at (a) 1000 m depth and (b) 20°W, on top of the 4° meridionally
high‐pass filtered zonal velocity. The thin lines trace out the boundaries, while the thick lines denote the axes. Note that
some strong features (such as that at 37°W, 41°N) are not designated as a jet because they are either too short or circular.

Figure 2. Comparison of (a) the 2004–2006 surface zonal velocity in the Argo data to time‐mean AVISO velocity product
for the periods (b) 2004–2006, (c) 2000–2003, and (d) 1992–2010, all high‐pass filtered to remove the gyre component. The
agreement between Figures 2a and 2b is high (with an R = 0.75 point‐wise correlation), and many of the zonal jets in the
Argo velocity field can also be identified in the AVISO velocities. The point‐wise correlation between Figures 2b and 2c is
R = 0.59, while it is R = 0.79 between Figures 2b or 2c and 2d, suggesting that these zonal jets are stationary features. (e) A
cross section through 20°W of the zonal velocity profile for the four maps confirms the conclusion that the zonal jets are
stationary.
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Conclusions

‣ The ocean and atmosphere are full of jets because of any or all of the following reasons:
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Fig. 12.3 Generation of zonal flow on a �-plane or on a rotating sphere. Stirring
in mid-latitudes (by baroclinic eddies) generates Rossby waves that propagate away
from the disturbance. Momentum converges in the region of stirring, producing
eastward flow there and weaker westward flow on its flanks.
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Fig. 9.2 The anisotropic wave–turbulence boundary k�, in wave-vector space calcu-
lated by equating the turbulent eddy transfer rate, proportional to k2/3 in a k�5/3

spectrum, to the Rossby wave frequency �kx/k2, as in (9.14). Within the dumbbell
Rossby waves dominate and energy transfer is inhibited. The inverse cascade plus
Rossby waves thus leads to a generation of zonal flow.
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[16] Consistent with their considerable vertical extent,
large velocities (!5 cm/s), and widths of 100 to 200 km, the
jets transport significant amounts of water. Of all the east-
ward jets, 50% carry more than 4.3 Sv, while 25% carry
more than 7.5 Sv. For the westward jets, these numbers are
4.4 Sv and 7.5 Sv, respectively.
[17] We find no significant difference between the width

of the two types of jets (Figure 4b). This is in contrast to

Panetta [1993], who used a two‐layer quasi‐geostrophic
model to conclude that eastward jets are generally narrower
than westward jets, but is in agreement with most GCM
studies [e.g., Kamenkovich et al., 2009]. The typical jet
width of 100 to 200 km found here is slightly smaller than
reported by Maximenko et al. [2005], which can be attrib-
uted to the greater depths at which the jets are studied, but is
consistent with Kamenkovich et al. [2009].

Figure 3. The automatically detected quasi‐zonal jets at (a) 1000 m depth and (b) 20°W, on top of the 4° meridionally
high‐pass filtered zonal velocity. The thin lines trace out the boundaries, while the thick lines denote the axes. Note that
some strong features (such as that at 37°W, 41°N) are not designated as a jet because they are either too short or circular.

Figure 2. Comparison of (a) the 2004–2006 surface zonal velocity in the Argo data to time‐mean AVISO velocity product
for the periods (b) 2004–2006, (c) 2000–2003, and (d) 1992–2010, all high‐pass filtered to remove the gyre component. The
agreement between Figures 2a and 2b is high (with an R = 0.75 point‐wise correlation), and many of the zonal jets in the
Argo velocity field can also be identified in the AVISO velocities. The point‐wise correlation between Figures 2b and 2c is
R = 0.59, while it is R = 0.79 between Figures 2b or 2c and 2d, suggesting that these zonal jets are stationary features. (e) A
cross section through 20°W of the zonal velocity profile for the four maps confirms the conclusion that the zonal jets are
stationary.
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