Alternating zonal flows in a two-layer wind-driven ocean
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ABSTRACT

Alternating zonal flows in an idealized wind-driven double-gyre ocean circulation are
investigated by two-layer shallow-water eddy-permitting numerical model. While the
alternating zonal flows are found almost everywhere in the time-mean zonal velocity
field, their meridional scales are different from region to region. In the subpolar west-
ern boundary region where the energetic eddy activity induces quasi two-dimensional
turbulence, the alternating zonal flows are generated by the inverse energy cascade
and its arrest by Rossby waves, and the meridional scale of the flows well corresponds
to the Rhines scale. In the eastern part of the basin where barotropic basin modes
are dominant, the zonal structure is formed through the nonlinear effect of the basin
modes and is wider than the Rhines scale. Both effects are likely to form zonal struc-
ture between the two regions. These results show that Rossby basin modes become
an important factor to form the alternating zonal flows in a closed basin in addition
to the arrest of the inverse energy cascade by Rossby waves. The wind-driven general
circulation associated with eddy activities plays an essential role in determining which

mechanism of the alternating zonal flows is possible in each region.

Keywords: zonal flow, Rhines scale, basin mode, wind-driven circulation, inverse

energy cascade, nonlinear rectification

1. Introduction

The formation of alternating zonal flows in planetary atmospheres and mid-oceans

is explained by the arrest of the inverse energy cascade by Rossby waves in two-



dimensional turbulence (Rhines 1975). As well known, the kinetic energy moves to
larger-scale motions under conservations of energy and enstrophy in two-dimensional
turbulence, called inverse energy cascade (e.g. Kraichnan 1967; Batchelor 1969; Lilly
1969). On a rotating sphere, however, Rossby waves dominate over turbulent motions,
prohibit triad interactions, and ‘arrest’ the inverse energy cascade when the scale of
motions becomes larger than the critical value L = 27 (U/ 6)1/ ?, called the Rhines
scale, where U is the root-mean-square (rms) of horizontal velocity and 3 is the north-
ward gradient of planetary vorticity f. Because f has non-zero gradient only in the
meridional direction, the arrest of the inverse cascade occurs in that direction. This
anisotropic feature results in zonally elongated structures of flows.

Recent observations reported alternating zonal flows below the thermocline in mid-
oceans. Hogg and Owens (1999) found that float trajectories are dominantly zonal with
meridional scales of several hundred kilometers in deep layers of the South Atlantic.
Similar structures were detected within the Antarctic Intermediate Water (Ollitrault
et al. 2006), at the depth of the main thermocline up to the base of the mixed layer
(Maximenko et al. 2008), and in the surface layer (Maximenko et al. 2005; Huang et al.
2007; Maximenko et al. 2008). These results imply the barotropic feature of alternating
zonal flows.

Numerical experiments with eddy-permitting ocean general circulation models
(OGCMs) reproduced alternating zonal flows below the main thermocline. The
meridional scales of the simulated alternating zonal flows are consistent with Lp
in some regions (Galperin et al. 2004; Nakano and Hasumi 2005; Richards et al.
2006). However, it has reported that the wind forcing can be an alternative factor to

determine their meridional scale (Nakano and Suginohara 2002; Treguire et al. 2003).



The lateral boundaries may induce different features of alternating zonal flows in
the ocean from the unbounded atmosphere because they act as a sink or source of
energy or enstrophy (Rhines 1975), and excite the basin modes of Rossby waves. In
some barotropic or quasi-geostrophic experiments with a rectangular flat-bottom ocean
and randomly imposed disturbances or geostrophic turbulence, the arrest of the inverse
energy cascade occurred to form the alternating zonal flows which had the scales equiv-
alent to Lr (Nadiga 2006; Kramer et al. 2006). However, the alternating zonal flows
with the meridional scales wider than L were produced in the experiments of Berloff
(2005), and the nonlinear rectification of baroclinic basin modes was expected to be the
formation mechanism. To the contrary, LaCasce (2002) showed that the basin modes
arrest the inverse cascade isotropically and prohibit the formation of alternating zonal
flows.

The wind-driven circulation is another peculiarity in the ocean which introduces an
inhomogeneous features to the background flow structure. Kamenkovich et al. (2009)
suggested the defference of the effect of eddies on the formation of alternating zonal
flows between the westward and eastward background flow based on the idealized closed
basin study (Berloff et al. 2009). In adition to the direction, the strength of the flow
is also inhomogeneous: strong currents in the western boundary region against the
relatively calm interior region. Although such inhomogeneity can change the features
of perturbation (eddy) field from place to place, its effects were not considered in the
previous studies. Thus, the objectives of this study are to investigate characteristics of
alternating zonal flows appearing in a two-layer wind-driven ocean and to clarify their
possible generating mechanisms, focusing on the effects of the Rossby basin modes and

inhomogeneity introduced by wind-driven gyres.



2. Model

The numerical model consists of the two-layer shallow-water equations on the S-plane

under Boussinesq, hydrostatic, and rigid-lid approximations:
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where u; = (u;,v;) is the horizontal velocity vector of the i-th layer, P; is the surface
pressure, 7 is the interface displacement from the state of rest. The z- and y-axes point
to the east and north, respectively. g, is the reduced gravity given by Apg/po, where g
(9.8 ms~2) is the gravitational acceleration, pg (1.03 x103kgm~2) is the reference density
of sea water, and Ap is the density difference between two layers. The Laplacian eddy

viscosity v is 1 x 10?m?s~!.

f = fo + By is the Coriolis parameter, where f, =
5x107°s tand B =174 x 10" "m~ts7 1.

The model basin idealizes a mid-latitude ocean with subpolar and subtropical gyres
(figure 1). The horizontal scales L, and L, are 5000 km. Upper (lower) layer thickness
is H; = 600m (Hy = 3400m), and the total depth H is 4000 m. The lateral boundary is
no-slip. The bottom Ekman layer is parameterized by the linear bottom friction with
the coefficient of v = 4x 10~ 7s™*, which corresponds to the moderately damped regime

in Arbic and Flierl (2004). The steady wind stress 7 has only the zonal component 7,

simplifying the meridional profile of easterly trade winds, mid-latitude westerlies and



polar easterlies from south to north:

7(y) = (72, 7y) = (=70 cos(2my/Ly), 0). (5)

The strength of the wind stress 7 is set to 0.1 Nm~2. The model ocean is initially at
rest.

The time integration of the discretized governing equations was performed as in
Kurogi and Akitomo (2003) with spatial grid intervals Az and Ay of 10 km, and time
interval At of 900s. Three cases were conducted with Ap/py = 2 x 1073, 2.5 x 1073
and 3 x 1073, called case DR2, DR2.5 and DR3, respectively. The time integration was
continued for 8000 days in DR2, 7000 days in DR2.5 and 6500 days in DR3 to obtain
the statistically steady state, and last 1000 days were used for analyses.

For sake of convenience in subsequent analyses, we define the barotropic and baro-

clinic velocities, ugt and ugc as

upt = (hiu1 + houg) /H (6)

upc = 0p (U1 — us), (7)

where hy = Hy —1n, ho = Hs +n, and 0y = +/hihe/H. Because of the
rigid-lid approximation and the flat-bottom topography, the barotropic ve-

locity is non-divergent and barotropic stream function gt can be defined by

(uT,vBT) = (—0¥BT/0Y, 0OYBT/OT).



3. Alternating zonal flows

3.1. Features of wind-driven circulation

Figure 2 shows the time-mean pseudo stream functions in the upper and the lower
layers, 1/)_117 and w_g, and the time-mean interface displacement, 7, in DR2, where ¢ is

defined by

T

W y) = / vile y)ha(e, ). (8)
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and overbar denotes a time-mean value. The time-mean flow is concentrated in the
upper layer (Figs. 2(a) and (b)), and is approximately equal to the linear Sverdrup
flow east of x ~ 1500km in both subpolar and subtropical regions. To the contrary,
it is asymmetric in the western region (west of x ~ 1500km). The strong northward
western boundary current detaches from the coast at y ~ 2000km and penetrates into
the interior region as an extensional jet accompanying a recirculation gyre to the south
in the subtropical gyre (Fig. 2(a)). The corresponding front appears in the interface
displacement (Fig. 2(c)). On the other hand, the region of weak southward flow extends
to x =~ 800km in the subpolar gyre, although the relatively strong southward current
exists near the western boundary. Differences include that no significant extensional
jet is formed in the subpolar region.
The snapshots of ¥F, 5 and n exhibit intense eddy activities in the whole basin
(Fig. 3). The eddies are relatively small and mainly baroclinic in the western region,
while they are relatively large and barotropic in the eastern region. Considering these

differences, we divide the basin into three subdomains shown by boxes in Figure 3(a),



termed WD, CD and ED from west to east. (The regions including the extensional jet
and the recirculation gyres were excluded from analyses of the alternating zonal flows
because of the strong anisotropy in the time-mean flow. )

There is little difference in eddy activities between the subpolar and subtropical
gyres in ED (Figs. 3(a) and (b)). The eddies are dominantly barotropic, and then
their structures are hardly detected in the 7 field (Fig. 3(c)). The horizontal scale is
larger than 500 km. The rms barotropic velocity U, the measure of the eddy strength,

! and lowest among the three subdomains (Table 1).

is about 5 cms™

The strong eddies with the horizontal scales of about 400 km are detected in WD
(Fig. 3) and their strength is about 15 cms™?*, highest among the three subdomains
(Table 1). Although the eddies have a barotropic feature (Figs. 3(a) and (b)), the
variation of the interface suggests significant baroclinicity (Fig. 3(c)).

Similar eddies are seen in CD (Fig. 3). However, their scale (about 300 km) and
strength (about 8 cms™?!) are about three fourths and half of that in WD, respectively
(Table 1), and they are less detectable in 17 and ¢5 fields (Figs. 3(a) and (b)).

The eddies in WD and CD are due mainly to baroclinic instability, inferred from
the spinning-up process shown in Figure 4. On day 2000 (Fig. 4(a)), n exhibits wavy
patterns near the western and northern boundaries and at the wave front of baroclinic
response of the flow field to the steady wind forcing. Their horizontal scale is about 300
km which is consistent with the Rossby radius of deformation A = \/m ~
250km. (The scale near the western boundary is somewhat larger (about 400 km), and
may be affected by barotropic instability of the western boundary current. ) Near

the northern boundary, dq;/dy is negative and opposite to dqz/dy (Fig. 4(a)). This

situation satisfies the necessary condition for baroclinic instability. On the wave front



of baroclinic response, the meridional current associated with the zonal gradient of the
interface facilitates baroclinic instability since the stabilizing effect of § hardly works.
Moreover, the phase of wavy patterns in the lower layer shifts to the west for a quarter
of the wave length compared to those in the upper layer (Fig. 5), which is the typical
vertical structure of baroclinic instability. Thus, these wavy patterns are due mainly

to baroclinic instability. As time goes on, wavy patterns extend into the interior region

(Fig. 4(b)) and finally occupy WD and CD (Fig. 3).

3.2. Alternating zonal flows in the time-mean field

Although the intense eddy activities are detected in snapshots, the time-mean
barotropic velocity field exhibits the meridional structure of alternating zonal flows.

Figure 6 shows the zonal component of the time-mean barotropic velocity u’_sv, which

is defined by

_q T
ug, = T/t upTdT — USy, 9)

where ug, is the zonal component of the linear Sverdrup flow, and T is set to 1000
days. The alternating zonal flows appear almost everywhere in the model basin. It is
noted that a similar structure is detectable in the time-mean flow in the lower layer
(Fig. 2(b)), which is consistent with the results of OGCM studies (Nakano and Hasumi
2005; Maximenko et al. 2005; Richards et al. 2006).

Close investigation shows that the meridional scale of the flow structure, L, varies
among the three subdomains. That is, it is larger in ED and smaller in WD and CD.
To quantitatively estimate L, we performed the wavelet analysis using Morlet wavelet

(e.g. Torrence and Compo 1998). The wavelet spectrum was calculated after smoothing



u’_sv zonally, then was averaged meridionally and was shown as a function of x and the
meridional length scale s in Figure 7. In ED significant peak appears at s ~ 700km
for DR2 and DR2.5, and s = 750km for DR3. These values are larger than those in
WD, about 500 km for DR2, DR2.5 and DR3. Meanwhile, the wavelet spectrum has
relatively significant value over the wide range of the scales in CD, from 250 km to 750
km for DR2, from 350 km to 900 km for DR2.5 and from 300 km to 800 km for DR3.

Comparing with the Rhines scale Lr(z) = 271/U(z)/3 (indicated by dashed line in
Fig. 7), the scale corresponding to the maximum wavelet spectrum is much larger in
ED, while it is almost the same in WD, where U (z) is the rms of u}; 1 in the rectangular
ranging from z—250km to z+250km and from y = 3100 to 4700km and u = upT—uUpT
is eddy barotropic velocity. There exist both scales in CD equivalent to the Rhines
scale and to the larger scale detected in ED.

In summary, the meridional scales of alternating zonal flows are different among the
subdomains. Regardless of stratification, the scale is equivalent to the Rhines scale in
WD. This implies that the inverse energy cascade of two-dimensional turbulence and
its arrest by Rossby waves may be an important factor for forming the structure of the
zonal flows in WD. To the contrary, the larger scale in ED cannot be explained by the
same mechanism because it is much larger than the Rhines scale. It is expected that
another mechanism works in this subdomain. The wide range of significant wavelet
spectrum in CD suggests that the alternating zonal flows may originate from both the
arrest of the inverse energy cascade and the other mechanism which acts in ED. The

formation mechanism in each subdomain will be investigated in the following section.



4. Formation of alternating zonal flows

4.1. Inverse energy cascade

In this section, we examined whether the alternating zonal flows in WD are formed
by the inverse energy cascade and its arrest by the Rossby waves, using the second-
order structure function. The analysis based on this function is more suitable than
the Fourier analysis for investigation of inhomogeneous fields such as the wind-driven
circulation and associated uneven eddy activities (e.g. Lindborg 1999; LaCasce 2002).

According to Babiano et al. (1985), the second-order structure function for barotropic

velocity field is defined by

1
Y

S0) =5 [ g lussla )~ ubr(@)P)odo (10)

where 7 = (rcos ¢, rsin¢) indicates the difference between the two positions x and
x +r, and the angle bracket ( )p means the average over the domain D. The relation
between the energy spectrum F(k) and S(r) is thoroughly examined by Babiano et al.
(1985). When E(k) is proportional to k=™, S(r) oc 7"~V for 1 < n < 3, and S(r) = r?
for n > 3. Since E(k) is proportional to k=°/3 for k < k; (energy inertial range) and
to k=3 for k > k; (enstrophy inertial range) in two-dimensional turbulence, where k
is the forcing wavenumber, S(r) is proportional to r2/3 in the energy inertial range and
to 72 in the enstrophy inertial range. Before calculating S(r) for the model results,
variations longer than the 40 days are filtered out by Lanczos window function (cf.
Duchon 1979) to extract the dominant time scales of the flow which are about 10 days

in the three subdomains for three cases (the time scales are estimated by the method
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in Stammer (1997); Richman et al. (1977)).

Figure 8 shows S(r) in the three subdomains for three cases. S(r) is approximately
proportional to 2/% in the range of r of 100 to 500km, and to 2 for » < 30km in WD
for all cases. This means the inverse energy cascade for 100 km < r < 500km, and
its upper limit is equivalent to the Rhines scale (about 590 km). Thus, the inverse
energy cascade and its arrest by the Rossby waves is the main formation mechanism
for the alternating zonal flows in WD. In addition, the dependence of S(r) on r does
not contradict to the enstrophy inertial range for the smaller r.

The dependence of S(r) on r in ED is different from that in WD. The range of r
that S(r) is proportional to 72 extends to r ~ 300km which is equivalent to the Rhines
scale in this subdomain (about 350 km). Thus, the same mechanism as in WD does
not work in forming the altenating zonal flows in ED. Another formation mechanism
needs to be considered.

The dependence of S(r) on r in CD exhibits an intermediate feature between WD
and ED. That is, S(r) is proportional to about r5/4 for DR2 and DR2.5, and about
r3/2 for DR3. This feature infers that the alternating zonal flows are affected by the
inverse energy cascade as well as the other unknown mechanism which possibly acts in
ED. This is consistent with the wavelet analysis (section 3.2). We will investigate the

other mechanism forming the zonal structure in ED (and CD) in the next section.

4.2. Nonlinear rectification of basin modes

4.2.1. Basin modes in the simulated flow field
To clarify the formation mechanism of the alternating zonal flows in ED (and CD), we
examined the features of flow structure in detail. To do so, the empirical orthogonal

11



function (EOF) analysis was executed for the 1000-day time series of ¢gr. Figures
9(a), (d) and (g) show the leading EOF modes for DR2, DR2.5 and DR3, respectively.
The whole basin but for the western boundary region is filled with eddies which are
generally larger than 500 km. Particularly, their size is much larger than the Rhines
scale (about 350 km) in ED. This feature almost coincides with the snapshot of the
velocity field (Fig. 3).

The barotropic basin modes, eigenmodes of Rossby waves, are one of candidates
for these eddies. Each barotropic basin mode V,, satisfies the linearized barotropic
vorticity equation,

ov,,
ox

h
i, V20, = f3 + Vi, — yﬁVQ\I/n, (11)

where o, is the frequency of the n-th basin mode ¥,,. An arbitrary barotropic stream
function field ¥ (x,y) can be expressed by the summation of barotropic basin modes

(Pedlosky 1987):

¥(z,y) = Re (Z An(t)\Ifn(fvvy)ew”> , (12)

where 0,, = 0,t+9,,, and §,, is the initial phase of the n-th basin mode. The contribution

of the n-th basin mode to 1 is represented by the coefficient C,, defined as

C, = // Vi - VU dedy
A

— A1) / /A V0, [2dzdy (13)

where [[, dzdy is the integration over the whole basin.

Figures 9(b), (e) and (h) show the spatial patterns of the basin modes with maximum
time-mean amplitude C,, for DR2, DR2.5 and DR3, respectively. Their dominant
scales are consistent with those of the EOF modes (several hundreds to a thousand

12



kilometers). Furthermore, maximum power of the principal component for the leading
EOF modes appears at the same frequency with the most dominant basin modes (2.6
- 3.0 x 1072day~"). The coincidences are also found for the subdominant EOF modes
(not shown). As a conclusion, the EOF modes representing the large part of the
barotropic variability can be explained by the basin modes. As seen in Figures 3(a)
and (b), the variations of the flow are due mainly to the basin modes in ED while
the smaller-scale turbulent flows due to baroclinic and barotropic instabilities are also

energetic in CD.

4.2.2. Alternating zonal flows formed by nonlinear rectification of basin modes

Since the variation of the flow in ED is induced by barotropic basin modes, we
investigate the nonlinear rectification of basin modes as the formation mechanism of
the alternating zonal flows in ED by applying the theory of Pedlosky (1965) after
Berloff (2005). By neglecting the baroclinic component of the flow because of its

smallness compared to barotropic one in ED, and using scalings (curlr), = 7oL~ 'F,
(r,y) = L(Z,7), t = (BL)", ¢ = (To/poﬁ)\if, and 1 = h7, the barotropic flow is

expressed by the nondimensional barotropic vorticity equation

(%v?\if T8, V20) - 2 = 5y + F - 55V, (14)

where e(= 19/po3?HL?) is the Rossby number, 05/ (= vy /BL3) is the nondimensional

viscosity, dg(= ~/BL) is the nondimensional bottom friction, and J is the nondi-
- h .

mensional Jacobian operator. As h/H is small (~ 1071), §g (VQ\I/ - EV\I! : Vﬁ) is

approximated to gV in the last term on the right-hand side of (14).
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Expanding ¥ into a power series of e which is very small (~ 10~°)
U — Z AN
j=0

and substituting it in (14), we can obtain the zero-order equation,

- p(0) - . -
9 g2 L V7 RVAvARARREEY Sy 8 vl IR (15)
ot oz
and the first-order equation,
- AY) - - . -
9 grgm V7 —J(TO V2O 4 5, V4D — 54200, (16)

ot oz
The zero-order equation has a time-independent solution of the classical wind-driven
circulation and a time-dependent one of the basin modes. (Note that (15) corresponds
to (11) when the forcing term Fis excluded.) Thus, we consider the sum of the wind-
driven circulation and the basin modes as the solution of (15) in the present case.
Indeed, the Sverdrup flow and basin modes are dominant in ED as shown in section
4.2.1 which is our particular concern (Fig. 3).
On the other hand, the first-order flow is driven by the zero-order flow through the
nonlinear term (the first term on the right-hand side of (16)). Neglecting the last
two terms on the right-hand side of (16) because of their smallness (6y; ~ 107¢ and

ds ~ 1072), the first-order time-mean equation becomes

oo (M) oy "
= — 0), v2y(0)
= J(\If , V2 ) (17)
or in a dimensional from,
oY) 1
= — (0), V2¢(0)), 1
e =~ WOV (18)

This equation indicates the generation of the first-order time-mean flow by the nonlin-
ear effect of the zero-order flows.

14



To evaluate the first-order time-mean flow using (18), we consider as the zero-order

flow (%) (¢) the sum of the Sverdrup flow 15, and a finite number of basin modes, i.e.,

PO (1) ~ ) (t) = sy + Re (Z A;(t)w;;> (19)
k=1

in dimensional form. The superscript » means the rearranged sequence of basin modes
in descending order of time-mean amplitude C,, and N is the number of summed
modes. Substituting ¢§\?) (t) for 1(©)(t) in (18), the first-order stream function @DT]\}) is
obtained.

Figure 10 shows the meridional profiles of the zonal velocity of first-order solution,
ug\l,)(y) = (—&pT\})/&y}’” for N =1, 2, and 9, compared with the model-simulated zonal
flow. () means the zonal averaging over ED. The estimated zonal flow has a similar
meridional structure to the simulated flow regardless of N for DR2 and DR3 (Figs.
10(a) and (c)). However, its amplitude is smaller when N = 1 and 2, and nine modes
are needed for the amplitude to be comparable with the simulated flow. The similarity
is also evident for DR2.5 when N = 9 , though it is somewhat ambiguous for smaller
values of N (Fig. 10(b)). Stronger flow near the northern and southern boundaries
in the model simulation is due possibly to the no-slip condition on the boundaries.
The result is almost unchanged without the wind-driven circulation in the zero-order
solution (not shown). This means that the basin modes play a major role in forming
alternating zonal flows.

With random eddy forcing (the scale of about 100 km), Berloff (2005) pointed out
the possibility of the formation of alternating zonal flows by the nonlinear rectification
of basin modes. However, in his study barotropic basin modes generated no significant

1

meridional structure of zonal flow with eddy velocity of about 5 cms™" equivalent to
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that in ED of the present experiment (table 1), and divergence of isopycnal thickness
flux was responsible for the formation of the intensified zonal flow structure. This may
be because the small-scale eddy forcing has not excited the barotropic basin modes
strong enough for the nonlinear rectification. To the contrary, the basin-wide wind-
driven circulation associated with strong eddy activities in the western region effectively
excites the basin modes strong enough to form the distinct alternating zonal flows in
the present experiment.

When the eddy velocity is large (~ 20cms ™), the distinct zonal flow structure was
formed in Berloff (2005). However, the meridional scale of the zonal flow band almost
coincided with the Rhines scale, suggesting the possibility of the arrest of the inverse
energy cascade by Rossby waves. In this context, the large-scale (time-dependent)
wind-driven circulation is essential to excite intense basin modes strong enough to form
alternating zonal flows even in the region without significant turbulent eddy activity

as in ED.

5. Concluding remarks

Alternating zonal flows formed in a wind-driven ocean were investigated by a two-
layer ocean model experiments in a rectangular flat-bottom basin, focusing on the
influence of the lateral boundaries and wind-driven circulation. While alternating
zonal flows appear over almost the whole basin, their meridional scale differs from
region to region. The scale is equivalent to the Rhines scale (about 590 km) in WD
where the energetic eddy activities occur due to baroclinic (and barotropic) instability

of the western boundary current, and then the zonal structure is formed by the inverse
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energy cascade of two-dimensional turbulence forced by eddies and its arrest by Rossby
waves. Since the barotropic basin modes are dominant in ED, the meridional scale of
zonal flows (about 700 km for DR2 and DR2.5, and 600 km for DR3) is much larger
than the Rhines scale (about 350 km). Such broad alternating zonal flows are explained
by the nonlinear effect of basin modes. The alternating zonal flows exhibit combined
features in CD. It is implied that both the mechanisms working in WD and ED are
active in CD. Thus, the basin modes peculiar to a closed ocean are an important factor
to form the alternative zonal flows as well as the arrest of the inverse energy cascade
by Rossby waves.

The inhomogeneity of the flow associated with wind-driven circulation plays an es-
sential role in determining which formation mechanisms of alternating zonal flows act
in each region. Since the strong western boundary current causes significant two-
dimensional turbulence induced by intense eddy activities, the arrest of the inverse
energy cascade by Rossby waves is the main formation mechanism of the alternative
zonal flows near the western boundary. Turbulent eddies become weaker away from
the western boundary and the barotropic basin modes participate in forming the zonal
flows. Finally, the barotropic basin modes become the major mechanism in the eastern
region where the weak Sverdrup flow hardly excites turbulent eddies.

These results are different from the case with uniformly-distributed random eddy
forcing often adopted in previous studies. For example, Berloff (2005) showed that
barotropic basin modes induced no distinct zonal flows and the baroclinic modes con-
tributed to forming significant one though the eddy strength was equivalent to the
present experiments. This is a contrast to the present results because the barotropic

basin modes intensify enough to form the alternating zonal flows by the nonlinearity
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of themselves. Excitation of large-scale basin modes is another difference from the ex-
periments with uniformly-distributed random eddy forcing (e.g. LaCasce 2002; Kramer
et al. 2006). LaCasce (2002) found that the scale of basin modes is determined by the
Rhines scale, and Kramer et al. (2006) pointed out that both scales are correlated with
each other.

Although these differences may be closely related to the basin-wide wind-driven cir-
culation associated with intense eddy activities, the detailed mechanism is a future
problem. Nonetheless, the present results strongly suggest that there may be alter-
nating zonal flows peculiar to a closed ocean basin with a basin-wide wind-driven

circulation.
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TABLEL. The rms barotropic velocity U, the Rhines scale Lr and the dominant merid-

ional scales estimated by the wavelet analysis.

Subdomain | Case | Ulcms™'] Lg[km| Meridional scale [km]
DR2 15.1 586 500
WD DR2.5 15.5 593 450
DR3 15.5 993 500
DR2 8.35 435 250-750
CD DR2.5 7.95 425 300-900
DR3 8.51 439 350-800
DR2 5.29 346 700
ED DR2.5 5.13 341 700
DR3 5.45 352 600
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Model basin. Thick line indicates the meridional distribution of wind
stress.

(a) Pseudo stream function in the upper layer ¢, (b) that in the lower
layer w_g, and (c) interface displacement 77 averaged over 1000 days from
day 7000 to 8000 in DR2. Contour interval is 2 Sv in (a), 10 Sv in (b)
and 10m in (c¢). Shaded area indicates negative value.

Same as in Figure 2, but for the snapshot on day 7500 in DR2.
Snapshots of interface displacement 7 on (a) day 2000 and (b) day 3000
in DR2. Contour interval is 10 m. Shaded area indicates negative value.
Meridional distributions of potential vorticity zonally averaged between
x = 1500 and 2500km in each layer are shown to the right.

Upper and lower meridional velocities meridionally-averaged between
y = 4800 and 5000km on day 2000 for DR2. Solid line and broken line
indicate upper and lower velocities, respectively.

Time-mean barotropic zonal velocity for DR2 averaged between day
7000 and 8000 from which the Sverdrup zonal velocity is subtracted,
“/_sv = Ut — ugy. Contour interval is 0.5 cms™!. Shaded area indicates

negative value (i.e. westward flow).
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Zonal distribution of meridionally-averaged wavelet spectrum
logio W (s, ), for uf, in (a) DR2, (b) DR2.5 and (c) DR3. W (s,x) is
estimated by the meridional average of the wavelet spectrum W(s, x,y)
between y = 3100 and 4700km for the zonal average of @ over 500
km, normalized by its variance. Dashed line shows the Rhines scale Lg.
Contour interval is 0.2. Thin broken lines indicate the boundaries of
three subdomains.

Dependence of two-dimensional structure function S(r) on separation r
averaged over 500 days, for (a) WD, (b) CD and (c) ED. Diamonds (¢),
crosses (x) and circles () indicate DR2, DR2.5 and DR3, respectively.
S(r) is shifted downward by multiplying 107°% for DR2.5 and 107!
for DR3. Broken and dotted lines show the proportion to r? and r2/3,
respectively. The arrows indicate the Rhines scale for each case.

(a) Leading EOF mode of the barotropic stream function g analyzed
from day 7000 to 8000 for DR2. It explains 6.14 % of the total variance.
(b) Basin mode with the maximum amplitude. Its frequency o is 0.029

day*

. (c) Power spectrum of the principal component of the leading
EOF mode shown in (a). (d-f) and (g-i): Same as in (a-c), but for
DR2.5 analyzed from day 6000 to 7000 (d-f) and for DR3 from day 5500
to 6500 (g-1). The leading EOF modes explain 5.49 % (DR2.5) and 7.16
% (DR3) of the total variance, and the frequencies of the basin mode

with maximum amplitude are 0.026 day ' (DR2.5) and 0.029 day "

(DR3).
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10

Meridional structure of zonal flows averaged zonally over ED for (a)
DR2, (b) DR2.5 and (c) DR3. Thick solid lines indicate the barotropic
zonal velocity uTSV in the model experiment. Dotted, broken and thin
solid lines indicate the first-order zonal velocity estimated by (18) when

N =1, 2 and 9, respectively.
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wind stress 7(y)

F1G.1. Model basin. Thick line indicates the meridional distribution of wind stress.
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F1G.2. (a) Pseudo stream function in the upper layer ¢_f, (b) that in the lower layer
_g, and (c) interface displacement 7] averaged over 1000 days from day 7000 to 8000
in DR2. Contour interval is 2 Sv in (a), 10 Sv in (b) and 10m in (c). Shaded area

indicates negative value.
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F1G.3. Same as in Figure 2, but for the snapshot on day 7500 in DR2.
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F1c.4. Snapshots of interface displacement 1 on (a) day 2000 and (b) day 3000 in
DR2. Contour interval is 10 m. Shaded area indicates negative value. Meridional
distributions of potential vorticity zonally averaged between z = 1500 and 2500km in

each layer are shown to the right.
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F1G.6. Time-mean barotropic zonal velocity for DR2 averaged between day 7000 and
8000 from which the Sverdrup zonal velocity is subtracted, u’_sv =upT — usy. Contour

interval is 0.5 cms™!. Shaded area indicates negative value (i.e. westward flow).
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F1G.7. Zonal distribution of meridionally-averaged wavelet spectrum log,, W (s, z),
for uf, in (a) DR2, (b) DR2.5 and (c) DR3. W (s, ) is estimated by the meridional
average of the wavelet spectrum W(s, x,y) between y = 3100 and 4700km for the zonal
average of “/_sv over 500 km, normalized by its variance. Dashed line shows the Rhines
scale Lr. Contour interval is 0.2. Thin broken lines indicate the boundaries of three

subdomains.
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F1G.9. (a) Leading EOF mode of the barotropic stream function ¢t analyzed from

day 7000 to 8000 for DR2. It explains 6.14 % of the total variance. (b) Basin mode

with the maximum amplitude. Its frequency o is 0.029 day ..

(c) Power spectrum of

the principal component of the leading EOF mode shown in (a). (d-f) and (g-i): Same

as in (a-c), but for DR2.5 analyzed from day 6000 to 7000 (d-f) and for DR3 from day

5500 to 6500 (g-1). The leading EOF modes explain 5.49 % (DR2.5) and 7.16 % (DR3)

of the total variance, and the frequencies of the basin mode with maximum amplitude

are 0.026 day ™' (DR2.5) and 0.029 day ' (DR3).

36



5000[

4000 [

3000 [

Y (km)

2000

1000

F1G.10. Meridional structure of zonal flows averaged zonally over ED for (a) DR2, (b)

(a) DR2

T T 2 5000 ﬁ‘l@

<§ 4000 f <

i 4§
< 3000 f <

> >
< <

< {
<> 1000 f <

> >

Zonal velocity (cms™)

Zonal velocity (cms™)

5000 [

4000 [

3000 [

2000

1000

A

VY

——Model ]
........ N=1
— —N=2
N=9
S L
| = rrrtr7
04 -02 00 02 04

Zonal velocity (cms™)

DR2.5 and (c) DR3. Thick solid lines indicate the barotropic zonal velocity u% in the

model experiment. Dotted, broken and thin solid lines indicate the first-order zonal

velocity estimated by (18) when N = 1, 2 and 9, respectively.
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