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Wind-driven secondary circulation in ocean mesoscale 

by Dong-Kyu Lee’, Peter Niilerl, Alex Warn-Varnas2 and Steve Piacsek3 

ABSTRACT 

A two-dimensional, numerical circulation model is used to study the response of a stratified, 
f-plane ocean current to wind stress forcing at the surface. Nonhydrostatic, primitive equations 
are integrated on a 3 m vertical and 400 m horizontal grid in a periodic domain perpendicular 
to the ocean current. Initially, a geostrophically balanced current [I’& z)] with a maximum 
Rossby number of 0.16-0.8 is maintained against horizontal and vertical diffusion by a body 
force. A spatially uniform wind is applied along and across this jet. A secondary circulation is 
created as a result of the nonlinear interaction between the jet and wind-driven flow in the 
Ekman layer. We present results from seven numerical experiments. 

When the wind blows in the direction of the jet (against the jet), a narrow upwelling 
(downwelling) area and broad downwelling (upwelling) area are formed. This secondary 
circulation pattern extends well below the mixed layer. When the wind blows perpendicular to 
the jet, the secondary circulation does not extend below the mixed layer. The fully nonlinear 
secondary circulation is 50% weaker than the circulation produced by the semi-linearized 
calculation around the basic state, pi. Near-inertial fluctuations appear and are confined to the 
negative relative vorticity side of the circulation (dF//ldw < 0). The time-averaged vertical 
velocity can be as high as 1.5 m/day with a wind stress of 1 dyne/cm2 over a jet and a maximum 
Rossby number of 0.16. The magnitude of the vertical circulation in this symmetric basic state 
is dependent on the Rossby number and the horizontal and vertical mixing coefficients. 

1. Introduction 

How do wind-driven motions in the mixed layer interact with pre-existing oceanic 
velocity structures? Experimental evidence of such interactions has been presented 
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by Weller (1982,1985) and Kunze (1985). The results from their experiments, which 
were designed to investigate the interactions between a wind-driven inertial motion 
and a slowly changing velocity deformation field, show that the effective inertial 
frequency is modified by the low frequency deformation field and that the inertial 
motions are trapped in the regions that have a minimum modified inertial frequency. 

Niiler (1969) suggests the simplest theoretical basis for linear interaction of a 
steady Ekman layer and ocean mesoscale. In his analytical solution of the linearized, 
wind driven flow about a barotropic ocean current with a finite Rossby number, he 
has shown that a uniform wind stress (7) in the direction of a barotropic current (VJ, 
acting on an ocean with constant Coriolis parameter f, causes the Ekman layer 
transport to be perpendicular to the current and equal to ~l(f + I’ti). Therefore, the 
Ekman layer divergence, or the vertical velocity beneath the Ekman layer, is equal to 
-T V,/(f + V#. On the positive (negative) shear side of the current, the Ekman 
transport decreases (increases). Consequently, a strong localized upwelling regions 
is found in an area beneath the axis of the jet where V, is large and negative; and, 
weaker downwelling areas are found on the rims of the jet. 

In another study, Klein and Hua (1988) have considered an upper ocean deforma- 
tion field with a small Rossby number. They have evaluated the vertical velocity 
beneath the Ekman layer using linear perturbation theory on a wind driven flow 
perturbed about a barotropic component of a quasi-geostrophic (QG) eddy field. 
This calculation is identical to Niiler’s (1969) model if the mesoscale consists of 
unidirectional jets. The analytical expression for the vertical velocity is used as an 
additional term in the entrainment equation, and the mixed layer equations of 
Pollard et al’s (1973) bulk model are integrated forward in time for the mixed layer 
depth at each grid point of the QG model. After two inertial periods, the two- 
dimensional field of the mixed-layer depth has a horizontal structure that is congru- 
ous with the vorticity gradient of the QG mesoscale parallel to the wind. 

The results of these linear calculations led us to consider a more complete model 
in which we could directly compute the three-dimensional circulation. We are 
interested in the structure of the vertical velocity not only within the mixed layer but 
throughout the entire stratified, yet diffusive water column. How does the introduc- 
tion of vertical advection beneath the mixed-layer change the overall circulation 
patterns both above and within the mixed layer? Because the Ekman layer has a large 
vertical shear, any introduced vertical advection can cause increased transport of 
momentum and diffusion between the mixed layer and the lower stratified layer. The 
previous calculations (Niiler, 1969; Klein and Hua, 1988) did not show such an effect. 

We want to know the magnitude of the vertical velocity and the deficiencies of the 
linearized model of these phenomena. Only a detailed numerical computation 
throughout the water column can answer these questions. Our results show that in a 
mesoscale current, even with a small Rossby number, the vertical advection of 
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horizontal momentum is so large that neither quasi-linear decomposition nor adding 
a wind-driven Ekman layer onto the geostrophic layer is realistic. 

In this paper a nonhydrostatic, primitive equation model is used to study the 
interaction between a wind-driven current and a pre-existing flow on the stratified, 
f-plane ocean. Solutions are presented with the wind direction either perpendicular 
or parallel to the current. 

The details of the model are described in Section 2, with a simple Richardson 
number-dependent vertical mixing coefficient in the mixed layer and constant 
diffusion below the mixed layer. The results of the integration are presented in 
Section 3 and the discussions and summary are in Section 4 and Section 5, 
respectively. 

2. Model 

The model is a 2-g-dimensional (in x-z coordinate withy component of velocity), 
nonhydrostatic, primitive equation model. The model domain is 40 km wide and 
300 m deep with a periodic boundary condition in the x direction, and vanishing 
vertical velocities at the surface and bottom. The vertical mixing is Richardson 
number-dependent with a maximum vertical eddy diffusivity of 200 cm2/s. The grid 
resolution is 400 m in the horizontal and 3 m in the vertical. The maximum initial 
Rossby number depends upon the speed of the initial jet and ranges from 0.16 to 0.8. 
Secondary circulation is driven by an applied wind stress at the surface. A description 
of the model with these boundary and initial conditions is presented below. The 
nondimensionalized momentum equations are derived in the Appendix to demon- 
strate the scales resolved in the model. 

a. The governing equations. The basic equations of the model use the Boussinesq 
approximation to the equation of motion on a rotating Cartesian plane. The 
governing equations are: 
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au aw 
z+z=o 

p=-cgT 

[52,3 

(4) 

(5) 

(6) 
where, in standard notion: 

(u, v, w) = the (x, y, z) components of velocity 

f = 1.0 X 10m4/sec = Coriolis parameter 

g = 980 cm/sec2 = acceleration of gravity 

p. + p(x, z, t) = total density 

T(x, z, t) = temperature 

(Y = 0.2 x 10m3 “C-l = thermal expansion coefficient 

P(x, 2) = pressure 

1 ai, --= 
p. ay 

uniform pressure gradient in y direction required for stable solution 

and 

(F,, FP) = forcing terms. 

The turbulent Reynolds stresses are expressed as, 

1 
- 7.a 
PO 

=A$ 

1 
- Gz 
PO 

1 
- T,,~ = AH g 
PO 

1 
--,ryz = A$ 
PO 

1 
--T=~ =A,,$ 
PO 

where AH and KH are the constant horizontal turbulent viscosity and heat diffusivity, 
respectively. The magnitude of the constant horizontal turbulent viscosity term 
(AH = 50,000 cm*/sec) is determined by numerical consideration not by physics. 
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The vertical turbulent viscosity coefficient,AV, is given by 

AV = MAX [E,(l - &/&),/IV,], Ri = 0 if Ri 5 0 and E, = 10 X A, 

and vertical heat diffusion coefficient, KV, is given by 

KV = MAX [D,(l - RiIR,), Kv,], Ri = 0 if Ri 2 0 and D, = 10 X Kv, 

where R, is a critical Richardson number equal to 0.25 and Ri is the local Richardson 
number. For most of the solutions, the background vertical turbulent viscosity,&, = 
20 cm*/sec and the background heat diffusivity, KV, = 2 cm*/sec. 

The forcing functions in Eqs. (2) and (5) are defined as 

(8) 

Where V, and Ti are initial velocity and temperature field, respectively. With these 
body forces and the additional boundary conditions below, the initial state remains in 
geostrophic and hydrostatic equilibrium because the body forces cancel the horizon- 
tal and vertical diffusion of the initial flow’s momentum and heat. These body forces 
maintain the initial flow fields as long as possible after the flow fields deviate from 
equilibrium by applied surface wind stress. 

In order to eliminate pressure from Eq. (1) and (3) we define a stream function, I&, 

-(Jz=Lf and & = w, 

the vorticity, q, becomes 

T-j = -v**. 

Taking the curl of Eq. (1) and (3) yields the vorticity equation, 

where J is the Jacobian operator. This vorticity equation (9) together with Eqs. (2) 
and (5) is integrated forward in time. 
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b. Boundary conditions. Periodic boundary conditions are used at x = 0 and x = L. 
The vertical boundary conditions are prescribed as 

au aw Av I 1 z+s =r,atz=O 

Avg=TYatz=O 

w=$=O at z=O and z=-H 

K,$F=O at z=O and z=-H 

Av$=Av 
au aw i 1 %+a~ =0 at z=-H 

where H is the depth of the model domain. The initial states of Vi and 7; have finite 
stress and heat flux at the surface and the bottom. These small stresses and fluxes are 
introduced as additional boundary conditions that are required to maintain the 
initial state in the absence of wind stress. 

Vanishing + at z = 0 and -H requires that a pressure gradient, @I@, be 
introduced in order to create a steady state solution. This can be seen by integrating 

Eq. (2) over the domain using boundary conditions and the periodicity of the flow: 

1 ar; ry 

~0 a~ H’ 
(10) 

Physically, an Ekman transport is forced by the wind in the upper mixed layer in thex 

direction. Since no net transport is allowed (i.e., $ vanishes in both boundaries), a 
vertical uniform geostrophic current in the x direction results which balances the 

Ekman transport. 

c. Znitial jet. Because our domain is periodic in x, the shape of the initial flow is two 

jets flowing in opposite directions and separated by 20 km. The initial velocity and 
temperature fields, V; and T,, respectively, are the exact solutions of the governing 
equations without wind stress, 

~=l~~m~‘,(erf(x~~~~“j-erfj”~~~~l))+(10.0+6.0x~) (12) 1 

where erf is the error function, and V, is the maximum speed of the jet. In addition to 
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w-~~w-4.--w- F-w 

Figure 1. The staggered grid map used in the model. 

the temperature change forced by Vi, there is a basic linear stratification of 6°C over 
the vertical extent of the domain. The initial circulation field is geostrophically 
balanced and is maintained by the friction and diffusion by a body force introduced 
into the fluid. The initial temperature and velocity fields are shown in Figure 2. 

d. Numerical technique. Eqs. (2) and (5) are solved using centered finite differences 
in space and time. A forward time scheme is used every 66 time steps to eliminate 
time-splitting of the solutions. The vertical and horizontal diffusion terms are always 
lagged one time step. A staggered Arakawa C grid scheme in space is used (Fig. 1). 
Eq. (19) is solved by a numerical Poisson solver using the FFT method (Wilhelmson 
and Eriksen, 1977). A time step of one minute is used in all experiments. The forced 
convective adjustment method is used in the model to avoid unrealistic, unstable 
negative density gradients. 

3. Results 

This study addresses the following questions: How does the presence of a jet 
influence an Ekman layer driven by a uniform wind? What are the characteristics of 
the secondary circulation patterns which result from the interaction between a jet 
and a wind stress field? What effect does the wind-jet interaction within the 
mixed-layer have on the vertical velocity field? And, what role does this vertical 
velocity field play in transporting heat and momentum across the mixed-layer? 

Seven experiments were performed with varying wind stresses (TV = 1, 2 and 
0.1 dyne/cm*, T~ = 1 dyne/cm2) and maximum initial jet velocities (VO = 6 and 
30 cm/s). The semi-linear version of the model with weak wind stress (TV = 0.1) was 
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Initial Field 
x+.3 Km x=Q6 Km 

300 

0 10 20 30 40 

X (Km) 

Figure 2. Initial velocity (cm/set) and temperature (“C) field. The x positions for Figures 3 
and 4 are also marked. 

also integrated to identify the nonlinear effects in a weakly forced situation. The 
wind stress and maximum initial jet velocities used in the seven experiments are 
tabulated in Table 1. 

a. Near-inertial motion. When a wind stress is applied, an Ekman layer forms and 
near-inertial motions set up. The reader may consult the extensive derivation of the 
dispersion relation of near-inertial waves in the presence of geostrophic shear by 
Kunze (1985). The wind-generated near-inertial motions vary depending upon the 
sign of relative vorticity and the direction of wind stress. Using numerical ray theory, 
Kunze (1985) found that subinertial waves become trapped in regions of negative 
relative vorticity. According to his analysis, spatial variations in the effective Coriolis 
frequency influence the propagation behavior of near-inertial waves. These waves 
reflect at turning points in the horizontal direction as the horizontal component of a 

Table 1. The wind stress and maximum initial jet velocities used in the experiments. 

Experiment # 7X (dyne/cm2) TV (dyne/cm2) V, (cm/set) Max R, Dynamics 

1 0.0 1.0 30 0.80 Nonlinear 
2 1.0 0.0 30 0.80 Nonlinear 
3 0.0 2.0 30 0.80 Nonlinear 
4 0.0 1.0 6 0.16 Nonlinear 
5 0.0 0.1 30 0.80 Nonlinear 
6 0.0 0.1 30 0.80 Semi-linear 
7 0.0 1.0 30 0.80 Linear 
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Days 

Days 

Figure 3. The space-time (z-t) plots of near-inertial fluctuation of v for Experiment 1 during 
the first six days at (a)x = 28 km and at (b)x = 36 km. The contour interval is 0.3 cm/set. 

wave vector approaches zero, which occurs at the boundaries of regions of negative 
relative vorticity. Observations by Kunze and Sanford (1984), Weller (1985) and 
Mied et al. (1986) show enhanced near-inertial energy levels on the negative vorticity 
sides of fronts. In our model, with wind forcing parallel to the jet, the near-inertial 
wave energy propagates downward (with upward phase propagation) in the positive 
vorticity regions that appear to slowly dissipate. To show these subinertial wave 
motions, high passed (cut-off frequency of one cycle per day) space-time (z-t) plots of 
jets are presented in Figure 3 for Experiment 1. Initially, in the positive vorticity 
region, a downward phase propagation appears in the upper 100 m. But, after two 
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Figure 4. The space-time (z-t) plots of near-inertial fluctuation of v for Experiment 2 during 
the first six days at (a)~ = 28 km and at (b)x = 36 km. The contour interval is 0.3 cm/set. 

and a half days, the inertial energy propagates downward with an upward phase 
propagation. After the onset of wind in the negative vorticity region, the near-inertial 
energy remains trapped in the upper 200 m and is four times larger than that 
observed in the positive vorticity region. 

When the wind direction changes from parallel to the jet to perpendicular to the 
jet (Experiment 2, Fig. 4), the trapping depth of subinertial waves slowly becomes 
deeper in the negative vorticity region. In the positive vorticity region, the direction 
of subinertial wave phase propagation is upward in the initial four days of simulation. 
The near-inertial energy maximum averaged over the first three inertial days 
decreases by a factor of two when the wind changed from parallel to the jet to 
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(a) Inertial Energy (Experiment 1) 
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(b) Inertial Energy (Experiment 2) 

0 10 20 30 40 0 10 20 30 40 
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Figure 5. Mean near-inertial energy of the first three days for (a) Experiment 1 and (b) 
Experiment 2. Negative vorticity regions calculated from the mean field are shaded. The 
contour interval is 1.0 cm2/sec2. 

perpendicular to the jet (Fig. 5). Thus, the initial amplitude of near-inertial motion 
depends on the direction of the wind to the jet and the initial vorticity field. Figure 6 
shows the inertial energy averaged over the second three days. The trapping of the 
inertial waves in the negative vorticity region occurs when the wind is both parallel 
and perpendicular to the jet, thus creating a broad high-inertial energy area in the 

(a) Inertial Energy After 3rd dav IExDeriment 1) _. 
0 

0 10 20 30 40 0 10 20 30 40 

X (Km) x (Km) 

(b)lnertial Energy After 3rd day (Experiment 2) 

Figure 6. Same as Figure 5 except near-inertial energy is averaged over the second three days. 
The contour interval is 0.1 cm2/sec2. 
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3 4 5 
Days 

Figure 7. The space-time (z-t) plot of near-inertial fluctuation of v for the linear model 
(Experiment 7) atx = 28 km. The contour interval is 0.3 cm/set. 

upper 200 m. For both cases, the inertial energy transfer from the surface to the deep 
layer is intensive in the positive relative vorticity regions. 

D’Asaro’s (1985) observations show that significant decay of inertial motions in 
the mixed layer occurs within a few inertial periods. This decay in inertial motions 
occurs due to the p-effect which reduces the north-south scales of the motion and 
thus enhances vertical propagation (D’Asaro, 1989). Our model simulation shows 
that rapid vertical propagation can result without p-effect in an ocean with initial 
relative vorticity. The linear solution (Experiment 7), which is described in the 
Appendix, does not show any vertical propagation (Fig. 7). Thus, the presence of 
relative vorticity and nonlinear momentum transport (rv’dv’/&) are required to 
induce inertial wave leakage from the mixed layer. Our model simulations demon- 
strate that the downward energy propagation causes the rapid decay of initial 
near-inertial response to the wind in the mixed layer. Wang’s (1991) channel flow 
model also shows the dependency of the near-inertial wave propagation property to 
the sign of the vorticity in the presence of ambient geostrophic flow. 

The behavior of inertial motions in the mixed layer in several of our experiments is 
shown on Figure 8. The inertial oscillation in the surface persists for a very long time 
for the linear model (heavy solid line) but the inertial oscillation nearly disappears 

after four days in the case of the nonlinear model with wind blowing in the direction 
of the jet (light solid line). The inertial amplitude motion is larger in the linear model 
that in the nonlinear model with the same parameters. In general, the amplitude of 
the inertial oscillation throughout the domain is larger in the case of wind parallel to 
the jet than in the case of wind perpendicular to the jet. 
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Figure 8. Time plots of v atx = 10 km for Experiment 1 (solid line), for Experiment 2 (dotted 
line). For Experiment 4 (dot-dashed line) and for Experiment 7 (heavy solid line). 

b. Energetics. We divide the fields into a time mean over several inertial oscillations 
and a deviation from that mean: 

* = G(x, 4 + W(-% z, t) 
u = i&z) + u’(x,z, t) 

v = i&z) + v’(x,z, t) 

w = ii+, z) + w ’ (x, 2, t) 

p = p&z) + p’(x,z, t) 

q = “rl(x,z) + q’(x,z, t). 

After dropping terms that integrate to zero over the model domain, the time mean 
equation of (12) is 

(13) 

Subtracting Eq. (13) from Eq. (12) gives the perturbation vorticity equation, 

~~~+i~~-~~~~-J(*‘,~‘)+J(*‘,q’)-~:-~~ 

=(s-si(~;~+~~~+~]+~~~) (14) 
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Multiplying Eq. (14) by +‘, integrating over the model domain and averaging over 
time, results in the following perturbation energy equation for u’* and w’*. 

In a similar fashion, the perturbation vr2 energy equation becomes: 

ss v~~~d~=-~~cr’v’v,drdz-~~v’w’v,rlrdd~-~~fir’c’dxdz 

+ 
J-J I 

v’& (i&+n;)~ dxdz 1 (16) 

Adding Eq. (15) to Eq. (16) yields the total energy equation, 

ss ;; (UQ + v’2 +w’*)dxdz=B+P+DV+Dw 

where the turbulent energy production is given by 

the vertical diffusion of energy by 

o,=ss,‘(;-$)(A;;+& ~+$j+A’$$)dxd.z 

-ss*~~(~~~+~;~+~~~)~d= 

(17) 
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Figure 9. Fluctuation energy (cm2/sec2) and its flux (10m3 cm2/sec3) diagram. K’ is the 
averaged fluctuation energy. See text for the definition of flux terms. 

the horizontal diffusion of energy by 

and the turbulent energy flux by buoyancy is defined as, 

The averaged energy diagram for Experiment 1 and 2 is shown in Figure 9. The 
averaging time period is four inertial periods after integrating the model one inertial 
period. In both experiments, vertical diffusion is much larger than the horizontal 
diffusion. The turbulent energy production term, P, from mean horizontal and 
vertical shear, is about six times larger in the case of Experiment 1 than in the case of 
Experiment 2. The averaged turbulent energy when the wind is perpendicular to the 
jet is about half that when the wind is parallel to the jet. 

c. Mean circulation after 6 days. The mean vertical velocity contours for Experiment 
1-4, after near inertial motions are set up throughout the water column, averaged 
from day 10 to day 17 are shown in Figure 10. With 7Y 2 1 dyne/cm2, strong 
downwelling regions form in the subsurface layer of the negative vorticity region. The 
upwelling regions within the mixed-layer form when the jet is downwind, but, below 
the mixed layer, when the jet is upwind. The largest magnitude in the vertical velocity 
field due to wind-jet interactions occurs when the jet is upwind. Vertical advection 
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(a) Experiment 1 (b) Experiment 2 

X (Km) X (Km) 

(c) Experiment 3 (d) Experiment 4 

20 30 40 

X (Km) X W-4 

Figure 10. Mean vertical velocity w averaged over 10 days after 6 days of integration for (a) 
Experiments 1, (b) Experiment 2, (c) Experiment 3 and (d) Experiment 4. The contour 
interval is 1 m/day. 

cells with a magnitude of 8.6 m/day occur for Experiment 1 and 1.4 m/day for 
Experiment 2. The strong wind (Experiment 3) significantly alters the shape of initial 
jet (Fig. 11 and 12). Upwelling increases slightly from an average of 5.4 m/day to 6.8 
m/day, and downwelling decreases from 8.6 m/day to 7.1 m/day. The strength of the 
initial jet (the magnitude of Rossby number) is more important than the strength of 
the wind stress, which indicates that the wind-driven secondary circulation is mainly 
caused by the presence of the vertical and horizontal shear. 

The depth of the secondary circulation is very shallow. The mean y component of 
velocity (0) and its change from the initial field (V - Vi) are shown in Figures 11 and 
12, respectively. When a wind stress perpendicular to the jet is applied (Experiment 
2), the wind-jet interaction occurs primarily within the mixed layer. The change is 
very shallow and small compared to other cases. 

d. Semi-linear model. A semi-linear model is integrated to dramatize the nonlinear 
effects. The equations for the semi-linear model are: 
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(a) Experiment 1 (b) Experiment 2 

x ow X (Km) 

(c) Experiment 3 (d) Experiment 4 

X (Km) X (Km) 

Figure 11. Mean horizontal velocity v averaged over 10 days after 6 days of integration for (a) 
Experiments 1, (b) Experiment 2, (c) Experiment 3 and (d) Experiment 4. The contour 
interval is 3 cmisec. 

The corresponding equations for w and p are Eqs. (3) and (5) without the nonlinear 
advection terms. A weak wind stress (TV = 0.1 dyne/cm*) is used to force the 
semi-linear model experiments (Experiments 5 and 6). Because these semi-linear 
equations appear to contain a time increasing mode, a strong time-increasing vertical 
circulation cell results. The semi-linear model is valid only for a small wind stress (see 
Appendix). We expected the secondary circulation to obey the nearly linear equa- 
tions. But, even for very mild wind events in the ocean, the interaction is still very 
nonlinear. The circulation cells have similar shapes for both nonlinear and semi- 
linear motions, but, the amplitude of the nonlinear motion is 56% of the semi-linear 
motion. The wind accelerates the surface flow in the semi-linear case but decelerates 
it in the nonlinear case (Fig. 13). The depth of the generated secondary circulation of 
the semi-linear model is much deeper than that of the fully nonlinear model. 

The semi-linear equations are those that are known to exhibit “symmetric 
instabilities.” The character of these instabilities is that they tend to have overturn- 
ing, non-hydrostatic cells in the area where the potential vorticity of the basic flow is 
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(a) Experiment 1 (b) Experiment 2 

0 10 20 30 40 0 10 20 30 40 
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(c) Experiment 3 (d) Experiment 4 
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Figure 12. Q - V, for (a) Experiments 1, (b) Experiment 2, (c) Experiment 3 and (d) 
Experiment 4. The contour interval is 3 cm/set. 

small, i.e., in the negative shear zone. A slowly time increasing circulation is 
identified as a symmetric instability of the semi-linear system (Stone, 1971). 

4. Discussion 

For analysis of the dynamics of the secondary circulation, we used a diagnostic 
equation of W. This is the vertical integral of the vorticity equation and results in an 
“Ekman vertical velocity” equation for w when only an Ekman layer is present. It is 
derived by taking alax of Eq. (2) and substituting it for au/ax from Eq. (4) and 

(a) Experiment 5 (b) Experiment 6 

X (Km) X (Km) 

Figure 13. Mean vertical velocity w  averaged over 10 days after 6 days of integration for (a) 
Experiment 5) and (b) Experiment 6. The contour interval is 0.5 m/day. 
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integrating from -z to the surface: 

(0 (ii) (iii) 

a 0 
W’$ --z s dz’ - dz’ + $J!: 

389 

I 

dz’. 

I 

(20) 
The vertical velocity is forced primarily by: (i) the x-dependence of turbulent 

vertical mixing of momentum in the Ekman layer, (ii) the acceleration of flow, (iii) 
nonlinear vertical advection of horizontal momentum and (iv) the horizontal body 
forces and horizontal diffusion. 

The time means of each term (over three inertial periods after integration of ten 
inertial periods in Eq. 39) at the center of the two jets of Experiment 1 are presented 
as a function of depth in Figures 14a and 14b. There are three distinctive layers in the 
downwelling region under the jet of upwind direction. All four terms are comparable 
in the surface layer. In the subsurface layer, w is caused primarily by the X- 
dependence of vertical mixing. Only terms proportional to diffusivities [terms (i) and 
(iv)] are acting in the deep layer. In the upwelling region under the downwind jet, the 
viscous terms are dominant; w is represented by the term (i) at the base of Ekman 
layer and is produced by the divergence of the Ekman layer transport from the 
change of the relative vorticity of the flow. For jets perpendicular to the wind 
(Experiment 2), w is represented by term (i), and all terms below the viscous mixed 

layer are very small because there is no net Ekman divergence (Fig. 14~). 
The simplest diagnostics are when only vertical diffusion is acting in Eq. (20). For 

the steady state, and below the mixed layer where wdv/~?z is small, u becomes 

where r is Reynolds stress. Then, from Eq. (4) and if variation of v in the z direction 
is small, w becomes 

7yzlz=o x v* 
wz- 

(f + VJ’ 
(22) 

This simple case is presented schematically in Figure 15. When the wind blows along 
the jet, water is transported perpendicular to the jet. The transport is reduced in the 
area of positive relative vorticity and is increased in the area of negative vorticity. For 
the downwind case, the divergence region is formed along the axis of the jet and thus 
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Figure 14. The vertical distribution of various terms from the w diagnostic equation averaged 
over four inertial periods (a) at the center of the jet of upwind direction in Experiment 1 
(X = 30 km), (b) at the center of the jet of downwind direction in Experiment 1 (x = 10.8 km) 
and (c) at the center of jet in Experiment 2 (X = 30 km) after ten inertial periods (170 hours) 
of integration. The long dashed line is for W, the dotted line is for the term (i), short dashed 
line is for the term (ii), dot-dashed line is for the term (iii) and solid line is for the term (iv). 
See Eq. (20) in the discussion section to identify the terms. 

upwelling is developed below the mixed layer. These typical vertical circulation cells 
are shown in Figure 16b (also see Paduan and Niiler, 1991). 

Since the terms proportional to viscosity are dominant in the w diagnostic 
equation, we ran the model with a larger horizontal viscosity (AH = 500,000 cm*/sec, 
AV, = 20 cm*/sec) and with a smaller vertical diffusion coefficient (A, = 2 cm*/sec, 
AH = 50,000 cm*/sec). Mean w contours of two additional experiments and that of 
Experiment 1 are shown in Figure 16. The layer depth of the high vertical mixing 
(R, < 0.25) does not change much; but, the magnitude of w and the depth of the 
secondary circulation cell are quite different. 

Figure 17 shows the maximum downwelling velocity as a function of the horizontal 
viscosity coefficient AH. The maximum downwelling velocity rapidly increases from 
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Figure 15. The schematics of the generation of secondary circulation by wind-jet interaction. 

AH = 0 cm2/sec to AH = 250,000 cm2/sec, reaches the maximum value near AH = 
500,000 cm2/sec and slowly decreases forAH larger than 500,000 cm2/sec. The shapes 
of the mean jet after seven days of integration were almost the same for all 
experiments with values of AH above 250,000 cm2/sec, and showed small change 
(*3 cm /set from initial a30 cm/set) from the initial jet. 

The vertical distribution of the four terms in Eq. (20) for Experiment 5 
(TV = 0.1 dyne /cm2, AH = 50,000 cm2/sec), is proportionally similar to that of 
Experiment 1 (rY = 1.0 dyne/cm2) but withA, = 500,000 cm2/sec (not shown). Since 
both cases have same Reynolds number, 

where terms are defined in the Appendix, and the flows of both cases are dynamically 
similar. 

We began these experiments having Eq. (22) in mind as the model for producing 
strong circulation below the mixed layer. However, in the simplest case of a 21/-D 
circulation, we came to the realization that within the present sophistication of 
numerical modeling, where the grid Reynolds numbers must be reduced to values no 
greater than 5 to avoid grid waves, the secondary circulation patterns are governed by 
the grid diffusivities. This was a disappointment, as it led us to the realization that the 
upper ocean circulation in a global eddy field of the large scale numerical model is 
governed very much by how the sub-grid scale is parameterized. There appears to be 
no escape: either we learn to understand what makes better physical bases for 
parameterization of horizontal sub-grid processes or we will not be able to develop 
our ability to model the significant element of small and mesoscale systems in a 
realistic way. 
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Figure 16. Mean vertical velocity w  averaged over 10 days after 6 days of integration with 
various diffusion coefficients. The unstable areas where the Richardson number is smaller 
than 0.25 are shaded. The contour interval is 2.0 m/day. 

5. Summary 

Our calculations show that the wind-jet interactions generate significant vertical 
circulation. The full model for this interaction is complicated, yet several general 
results emerge. 

The inertial oscillations do not propagate into the deep layer for the linear case as 
shown in Figure 13. The inertial energy of the linear case is also evenly distributed 
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Figure 17. The maximum downwelling velocity under the jet of upwind direction as a function 
of the horizontal diffusion coefficient& 

and concentrated in the surface layer. The inertial energy leaking into the deep layer 
from the Ekman layer is closely related to the ambient shear or relative vorticity. 

In the case of a wind perpendicular to the jet, the near-inertial motions are 
propagated away from the Ekman layer. In the case of a wind parallel to the jet, the 
near-inertial motions are continually generated by the wind-altered and geostrophi- 
tally adjusted vertical shear of the mean horizontal current. The largest wind-jet 
interactions occur when the jet is upwind. This dependency of near-inertial behavior 
on wind direction is not presented by Wang’s (1991) channel flow model possibly due 
to the presence of the horizontal boundary effects. But, Klein and Hua’s (1988) 
quasi-geostrophic model, coupled with the analytic mixed-layer solution, shows the 
dependency. The observations by Paduan and Niiler (1991) strongly suggest the 
relation of vertical circulation to wind-jet direction. 

The vertical circulation patterns and diagnostics calculations from our numerical 
experiments show that Ekman pumping and suction are enhanced by the horizontal 
shear of geostrophic jets or eddies. Even with a simple constant wind stress (i.e., no 
wind stress curl), the interaction of the jet and wind field produces Ekman pumping 
or suction. 
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In our simple 21/2-dimensional model, the presence of geostrophic jets or eddies in 
mixed-layer modeling play crucial roles. The shear field is much more important than 
the strength of the wind stress for affecting the mixing depth and vertical circulation. 
A 3-D model with high vertical resolution in the upper layer is required for better 
understanding of the ocean response to wind in an ocean full of two dimensional jets 
and eddies of various size and strength. However, adding a wind-driven Ekman layer 
onto an eddy-resolving model does not produce a realistic circulation in the upper 
ocean. 

Acknowledgments. This study was funded by the Office of Naval Research. 

APPENDIX 

To demonstrate the parameter range of solutions integrated in the dimensional 
domain, the equation of motions are non-dimensionalized. The following nondimen- 
sional variables are introduced: 

x*=Lx, z* = Hz, 
u* = u&l, v* = V,(V, + Sv), 

H 
w* = u, - w, 

L 
p* = P*i(x*,z*) + pjil,L,. 

where 

V, is the velocity at the center of the jet, i& is the Ekman layer depth and H is the 
model depth. 

When the above nondimensional variables are introduced into the steady state 
horizontal momentum equations, Equation (1) in nondimensional form becomes (in 
the case ofA, = constant and aE = (Av/f)l’*); 

(A.11 
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Using Eqs. (6) and (24), Eq. (2) becomes 

av, 
R, um+?k$+w~+&v~ 

I I 
+u=-E;‘~ + E/, 2 + E, $, (A.2) 

where 

v, R, =fy> the initial Rossby number, 

the horizontal Ekman number, 

the vertical Ekman number. 

The solutions are linear for a small initial Rossby number R,. When terms 
proportional to 6 are neglected, a semi-linear set of equations as described in Section 
3d result. In our model, the maximum initial Rossby number is between 0.2-0.8 and 6 
is 0.3 when T is 1 dyne/cm 2. The vertical Ekman number based on background 
vertical viscosity AVO is 0.015 (with an Ekman layer depth of 4.5 m); and, the 
maximum vertical Ekman number based on maximum nonlinear viscosity is 0.05 
(with an Ekman layer depth of 14 m). The horizontal Ekman number used in all 
experiments is 1.25 x 10P4. 
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