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Numerical simulation of a response of an oceanic front

to an atmospheric frontal passage
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Abstract. The influence of middle-latitude cyclones and their associated cold fronts on
open-ocean fronts is studied with an embedded mixed layer ocean circulation model
similar to that of Adamec et al. (1981). Finite differences with horizontal resolution of 5
km in a staggered grid are used to solve the model equations within a domain of total
meridional extension of 300 km and 500 m depth. Three numerical experiments were
performed to investigate the response of an oceanic front, similar to the South Atlantic
subtropical convergence zone, to an atmospheric frontal passage. Under the effect of
the coid air outbreak the thermal and dynamic structures of the upper layers are
substantially modified with a higher sinking/cooling rate of the mixed layer. The
sinking/cooling rate depends strongly on the magnitude of the thermal gradient at the
top of the thermocline and on the mixed layer depth. Due to the differences in sinking/
cooling rates, a single storm can move the oceanic front up to 20 km from its initial
position. For low-intensity winds, a change in the wind direction does not affect the
thermal structure of the upper layer ocean, even in the frontal region. The mixed layer
oscillations are entirely a function of the daily scale of the solar heating. For a sudden
change in the wind direction, the response of the current velocity field in the mixed

layer is almost instantaneous.

1. Introduction

The main impact of the ocean on the atmosphere occurs
through the magnitude and distribution of the sea surface
temperature. In addition, the ocean mixed layer is constantly
subjected to atmospheric effects in the ocean-atmosphere
interface in the form of momentum, latent and sensible heat,
and radiation transfers. These energy exchanges constantly
modify the thermal and dynamical structures of the upper
ocean, which can also be affected by mesoscale and large-
scale phenomena which occur in the **subsurface’™ ocean
[Stevenson, 1980].

In mid-latitudes the dominant atmospheric timescales are
longer than 1/f, with length scales between 500-2000 km
[Fissel, 1976]. Even though the large steady state low-
pressure centers or steady state zonal jets can cause strong
wind stresses on the ocean surface, these synoptic pertur-
bations will not excite inertial oscillations in the oceanic
mixed layer [D’Asaro, 1985b]. On the other hand, atmo-
spheric events associated with cold front passages or small
secondary lows are the major contributors providing turbu-
lent Kinetic energy for mixing the upper layer of the ocean
[Elsberry and Haney, 1978; Haney et al., 1981]. These
events are very effective in generating mesoscale variations
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(30-2000 km) in the ocean [Orlanski and Polinsky, 1983] and
in exciting inertial oscillations [ Asare, 1985a, b).

In a general way, South American atmospheric cold fronts
are persistent over the year, moving swiftly from the south-
ern South American coast toward the northeast [Girardi,
1972]. These cold fronts display strong wind bands that are
aligned mostly perpendicular to the coast and move north-
eastward vntil they dissipate at low latitudes [Kousky, 1978].

A dominant oceanographic feature characteristic of the
subtropical western South Atlantic off the Brazilian and
Uruguayan coast is a sharp discontinuity in surface temper-
ature and salinity as result of the Brazil-Malvinas current
confluence [Tseng, 1976; Reid et al., 1977, Legeckis and
Gordon, 1982; Godoi, 1983; Roden, 1986; Ikeda et al., 1986).
Satellite and oceanographic observations have shown that
the mean position of the convergence is around 40°S. Most
of the studies concerning the convergence displacements are
aimed toward a seasonal behavior, even though there exists
evidence showing significant displacements at much shorter
timescales [Legeckis and Gordon, 1982).

This work was motivated by the strong relation between
small-scale meteorological phenomena and the thermal-
hydrodynamical structure of the upper ocean. Numerical
experiments were performed in order to evaluate the effects
of atmosphere-ocean transfer processes over the thermal
and dynamical structure of an ocean front as the result of an
atmospheric frontal passage. The model vused is that pro-
posed by Adamec et al. [1981], where the effects of advec-
tion, diffusion, and mixing in the upper ocean are consid-
ered. This work is distinct from that of Adamec and
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Figure 1. Schematic representation of the coordinate sys-

tem: x (zonal), ¥ (meridional), z (vertical). The y-z plane is
perpendicular to an ocean front caused by the convergence
of two ocean currents (the colder is on the south side).

Garwood [1985] in the sense that the numerical approach is
different, and the momentum and buovancy fluxes try to
simulate mainly one of the phases occurring during an
atmospheric cold front passage, the cold air outbreak over
the ocean.

In section 2 the ocean circulation model, in which a mixed
layer model is embedded, is discussed with the respective
hypotheses, boundary conditions, and parametrizations. In
section 3 the numerical analysis of the problem is treated.
The specific initial conditions and the results of the numer-
ical experiments are discussed in section 4. Finally, in
section 5 the model deficiencies which limit its applications
and the results are discussed,

2. Circulation Model Coupled to a Mixed Layer
Model

2.1. Multilevel Circulation Model: Hypothesis and
Equations

Consider a Boussinesq fluid, on an f plane where the
molecular viscosity and conductivity and double-diffusion
processes are neglected. Generally speaking, the salinity
plays a small role in the mixed layer dynamics at mid-
latitudes [Frankignoul, 1985], so here it will be neglected.
This means that the conservation of buoyancy is reduced to
the conservation of heat only; nevertheless, buoyancy will
be maintained in the equations. The oceanic front will be
considered infinite in the zonal direction, implying that the
ocean respense is independent of x (Figure 1). The model is
two-dimensional considering a vertical plane, y-z, transver-
sal to the front, thus allowing a zonal velacity component.
Under those assumptions the governing equations in flux
form are

Equation of state

b=a(T-Ty (1)
Conservation of thermodynamical energy
b a(b) ] b)+a(’—b’+a e
T ayv az(w ay v é‘z(w

(2)
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Conservation of mass

—t——= (3)

Conservation of horizontal momentum

du a ) i)
— I — — — — +
v P (v Y {uw) + fu
+a{ !’ !)+a ! J) (4)
P v az( w'i
v 6( ) a
rrie P v P {vw) — fu
ap & — a —
___+_ L +_ —_— Four?
™ ay(-'o'v) 62{ w'e’) (5

Hydrostatic relation

op
Py b (6)

where p = gz + p,Ipy is the dynamic pressure, p, the
reference state pressure, and py a reference density. The set
of equations (1) to (6) are applied to an ocean region 300 km
long along the meridional coordinate y and 500 m deep.
2.1.1. Boundary and initial conditions. The problem
posed is an initial boundary value problem, where the
equations will be numerically integrated. There are four
prognostic equations in the unknowns u, v, w, and b, for
which initial conditions will characterize the ocean front in
the numerical experiments. The rigid lid condition is im-
posed on the sea surface [e.g., Orlanski and Polinsky, 1983);

z=0, w=10 N

This is not a strong restriction, since we are interested in
movements with frequencies near the inertial [Veronis,
1956). In addition, the removal of the external gravity wave
allows us the use of larger time steps in the numerical
integration. At the surface the wind stress and the buoyancy
fluxes are also prescribed:

w
—(u'w')=— &
Po
%
—-('w')y=— 9
Po
—(b'w') = By (10)
The boundary conditions at the bottom, z = —H, are

vanishing vertical velocity and no turbulent fluxes of mo-
mentum and buoyancy:
Atz = —H,

w=10

Ww)=xw)={bw)=0 (11)

At the lateral boundaries (y = 0, y = L}, the radiation
boundary condition was used [Camerlengo and O'Brien,
1980].
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2.1.2. Parametrization of the turbulent fluxes. In order
to represent the lateral turbulent diffusion as well as the
vertical profiles in the layer below the wind influence, they
are expressed as the gradient of the transported quantity
multiplied by an appropriate eddy diffusion coefficient
[Rooth and Ostlund, 1972].

In the horizontal

ov

( A _au } Apg —
f“' = - o = —
v'u’) Mo (v'v M3

(v'd’ A 2 12
v'h’) = -Ap o (12)
In the vertical, below the mixed layer
('_ K ou —'—) K v
ww') = — — ‘w'y= —Kp -
) M az w M az
bw'y=-K 2 13
(b'w')y=-Kg 7z (13)

where A, and A g are the horizontal turbulent coefficients of
momentum and buoyancy, and K,; and Ky are the respec-
tive vertical coefficients.

Within the mixed layer, however, these parametrizations
are not ideal, due to the variability of the turbulent ¢oefli-
cients [Welander, 1957; Veronis, 1975; Pollard, 1977; Ram-
ming and Kowalik, 1980]. In order to parametrize the
momentum and buoyancy turbulent fluxes within the mixed
layer, the assumption that those fluxes are linear functions of
z is made. At the mixed layer top, the fluxes are those
specified by (8), (9) and (1¢). At the mixed layer bottom, z =
—h, the turbulent fluxes are specified by (15), (16}, and (17),
in section 2.2.

In this way the parametrizations utilized in this work use
the mixed layer depth s [Garwood, 1977]. A prognostic
equation for % is obtained through the integration of the
continuity equation (3) in the mixed layer and the boundary
condition at z = 0, equation (7):

oh 3 dh
—+—hvy=—+w(-h)=w,

a  ay dr (14

where angle brackets denote a vertical mean within the
mixed layer.

The parametrization of w, will be given in the next section
(2.2) within the development of the mixed layer model. The
important fact to be pointed out is that the turbulent flux
parametrizations within the mixed layer are done as a
function of %, such that the dynamic nature of the time and
space variations of the turbulent coefficients is accounted for
by the variations in /. This allows a relationship between
cause and effect in the parametrizations, justifying the need
for connecting a mixed layer model to a multilayer circula-
tion model.

The equations (2) to (6) and (14), with the boundary
conditions given by (7) to (11) and the turbulent quantities
parametrized, form a closed set of equations in six variables
u, v, w, p, b, and h.

2.2, Mixed Layer Model: Hypothesis and Equations

Here, as in the work by Adamec er al. [1981], there is a
balance between the buoyancy fiux in the entrainment layer

16,083

and the convergence flux of turbulent kinetic energy in the
mixed layer model. This convergence term is assumed to be
a function of the turbulent kinetic energy and of the distance
over which this energy must be transported:

ey

G- = - 20

(15a)
where (&,) is the mean value of the total turbulent kinetic
energy and {w'w') "2 is twice the vertical component mean
value of the turbulent kinetic energy in the mixed layer.
The prognostic equations for these turbulent variables are

a- (u' +'U,) 3 h -5
'a"t' k—T— =m3“$_2?;(“’b)—k_((a

= 3w'w))ep V- 2@ - iXEo  (15b)

P 'h(W) T —
a2 | [0w°87) - = (0'87); <o) + (e

— 3w wNER 2~ L@ - fxED  (150)

where m, is a constant to be tuned during the numerical
experiment, . is the mixed layer friction velocity, and RY is
the mixed layer overall Richardson number.

Once the values of u,, (W b'),_p, , and R* are specified
and the quasi-stationary state for the turbulent kinetic en-
ergy supply is assumed, i.e.,

i o —_—

ry (h(er) =0 Py (h{w'w')) =0 (153d)
the buoyancy flux due to entrainment is determined by
(15a)-(15d).

Once the buoyancy flux is known at the base of the mixed
layer (equation {15a)), we obtain the entrainment-associated
momentum fluxes at the base of the mixed layer, & w'(—h)
and v'w’(—k), by the parametrizations

_ b'w'(—h)
—u'w'(~h) = " Tan Au = w,Au (16)
hy = 2R s 17
—u'w )= ab v = w,Av {(amn
where the entrainment velogity is given by
b'w'(—h) _
WeT T T A (18)

and where Ab, Au, and Av are the buoyancy and horizontal
velocity jumps in entrainment layer. A detailed derivation of
the prognostic equations for the turbulent variables is given
by Garwood [1977].

The mixed layer retraction occurs when the vertical
component of the turbulent kinetic energy is not sufficient to
transport momentum and heat to the previously established
mixed layer base. In this way, the criterion adopted to know
if there is retraction is to check the value of the vertical
component of the turbulent kinetic energy, which in this case
must be close to zero; the limiting value established was
{(w'wH'? = 1073, The implication of this is that (15a) is no
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Figure 2. Distribution of the variables on the grid in the y-z
plane.

longer used to compute £, and (15b) and {15¢) in the steady
state are reduced to

myud - @7 - 2@ - fep =0 (18a)

h —
=5 Wb)mg + @ 3@ - MEn=0  (18b)

One of the principal parameters in the mixed layer evolu-
tion is the dynamical instability at its base. The overall
Richardson number, R} = hAbi(Ar? + Av?Y), governs the
beginning of the instability by shear, for values below .25
[(Turner, 1973; Pollard et al., 1973; Kullenberg, 1976].

In order to ensure the stability of the density and momen-
tum profiles in the column betow the mixed layer, a convec-
tive adjustment is imposed based on the local value of R;.
Adamec et al. [1981] give a very good explanation of the
coupling process between the multilayer model and the
mixed layer model as well as the convective adjustment.

3. Numerical Model

The alternating grid and the spacewise finite differentiation
numerical schemes used in the model are different from
those used by Adamec et al. [1981]. The grid is shown in
Figure 2. In the horizontal the C scheme of Arakawa
[Mesinger and Arakawa, 1976] is used, and in the vertical,
the C' scheme of Tokioka [1978).

The finite difference scheme in space is of second order,
and the chosen grid allows energy conservation [Elsberry et
al., 1984]. In addition, it prevents the occurrence of compu-
tational modes in space [Haney, 1974].

The grid configuration in the y-2z plane shown in Figure 2
has the following geometrical characteristics: L, horizontal
length of the grid, equals 300 km; H, vertical length of the
grid, equals 500 m; Ay, horizontal grid point interval, equals
5 km; and k&, number of levels, equals 8.

The vertical structure is represented by eight discrete
layers, which are enough to resolve the vertical structure in
our case. The vertical resolution varies exponentially from
10 m at the surface to 175 m at a depth of 500 m.

The time differentiation is made through a *‘leapfrog’
iteration with a Matsuno scheme [Mesinger and Arakawa,
1976] every 15 time steps. The advective and Coriolis terms
are explicit, and the diffusive terms lag by one time step. The
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pressure gradient term is handled using a Brown and Cam-
pana scheme [Haltiner and Williams, 1980]. With these
schemes and the radiational boundary condition it is possible
to use a 30-min time step for the numerical integration.

In a general way this model treats the dynamic and mixing
processes in two mutnally interconnected steps: (1) the
dynamic one, within which the advective and diffusive
processes are included; and (2) the mixing one, where the
changes due to entrainment feed back to the dynamical part
of the model. During those two phases, a special treatment is
given for the level that contains the bottom of the mixed
layer [Adamec ¢t al., 1981].

4. Numerical Experiments; Results
4.1. Initial Conditions for the Numerical Integration

The namerical experiments should exhibit the dependence
of the upper ocean response to the parameters characterizing
the atmospheric ¢old front. The atmospheric forcing during
the experiment is specified a priori and is modeled to
represent the cold air outbreak during the cold front passage,
characterized by the wind intensification and upward heat
fluxes from the ocean to the atmosphere.

The initial field of temperature and mixed layer depth are
smoothed versions of Legekis and Gordon's [1982]) data. The
vertical temperature field is shown in Figure 3, where a
strong horizontal temperature gradient indicates the position
of the frontal zone, and the slopes of the isotherms suggest
the presence of vertical motions. The initial distribution of
the mixed layer depth is shown in Figure 4, where the frontal
zone is identified by a sudden variation in the mixed layer
depth.

Four quantities describe the response of the oceanic front:
(1) the mixed layer temperature, (2) the mixed layer depth,
(3) the horizontal velocity in the mixed layer, and (4) the
vertical velocity. These quantities are monitored during the
120 hours of integration of the model.

During the first numerical experiment (EXP.I), the wind
stress, o(r), and the surface buoyancy fiux, By(s), are
uniformly distributed in space, simulating a storm generated
and extinguished over the same region. In the second
experiment (EXP.II), the surface buoyancy fluxes are with-
drawn, leaving only the wind stress as atmospheric forcing.
Finally, in the third experiment (EXP.IID the initial condi-
tions and the surface buoyancy fluxes are the same as

o]

=100

- 200

- 300

CEPTH (m)

-400|

-500

100 250

DISTANCE (km)
Figure 3. Initial cross-front thermal structure of the upper

500 m. The numbers indicate the temperature of the iso-
therms (degrees Celsius).
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Figure 4. The initial distribution of the cross-front mixed
layer depth.

(EXP.1), and the rotation of the wind stress is considered but
its magnitude is maintained constant,

4,2, Results and Discussions of EXP.I

The wind stress is a function of the time and is calculated
as

T = paCDIuaIua (19)

where p, is the air density and Cp a drag coefficient,
depending on the wind velocity as {Garrart, 1977]:

Cp =0.00075 + 6.7 x 10 %, (20)

where u, is the wind velocity in meters per second,

Since the storm conditions are brief and localized [Dillon
and Caldwell, 1978] and the high-frequency fluctuations in
the wind field have no significant effect on the momentum
transfer at the air-sea interface [Price, 1981], a storm can be
represented by the simple function shown in Figure 5 [Mar-
chuk et al., 1977] and expressed by

lua()] =4 (m/s)

Jug (2)] = 4 + 16(r — 24)/24

hu (0] = (20 — 16)(r - 48)/24
() =4 (mks)

We are assuming a SW wind, which implies r, = 7, = |1
cos 45°. The functions u,(z) and [v(¢)| are shown in Figure 5.
The atmospheric conditions during the first 24 hours are
considered fair, with winds of 4 m/s, reaching a maximum of
20 /s in the next 24 hours, during the storm peak. In the
following 24 hours the wind velocity decays symmetrically
until it returns to the 4 m/s value; then it remains constant
until the end of the 120 hours of integration of the model.
The surface heat fluxes are extracted from real data,

t << 24 hours
24 = t < 48 hours
48 = ¢ < 72 hours

t =72 hours

(21)

— WIND VELOCITY 442 -
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L 20l 440 E
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TIME (HOURS)

Figure 5. Time variation of the wind velocity, u, (solid
line), and wind stress, |v| (dashed line).
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Figure 6. Sea surface net heat flux. Positive values are
from the atmosphere to the ocean.

representing a typical storm passage over the ocean [Nowlin
and Parker, 1974; Sethuraman et al., 1986] and are displayed
in Figure 6. The heat flux integrated along a 5-day period
exhibits a net heat loss of 27.2 X 105 W/m2. This heat loss is
due mainly to the high latent heat exchange caused by the
strong winds and by the presence of dry, cold air after the
cold front passage.

Usually, as suggested by Van Woerr [1982], the velocity
component along a steady oceanic front is assumed to be in
geostrophic equilibrium. Thus we assume here that in the
initial instant, the ¥ component is in geostrophic equilibrium,
and the v component, transversal to the front, vanishes in all
points of the grid. With the fields obtained in that way, a
uniformization of the mixed layer variables is promoted,
which leads, on the surface, to velocities smaller than those
in geostrophic balance.

In order to characterize the horizontal ocean variability,
we considered three regions: the region south of the ocean
front (8}, at 75 km from the coordinate origin; the frontal
region (F), at 150 km from the origin; and the region north of
the ocean front (N), at 225 km from the origin, (Figure 4).
From now on, these regions will be referred to as S, F, and
N.

The time evolution of the mixed layer temperature and
depth for the regions S, F, and N is shown in Figures 7, 8 and
9, During the first 24 hours the mixed layer temperature and
depth remain steady, since the small wind velocity and net
cooling are not enough to overcome the thermal and me-
chanical inertia of the mixed layer. Additionally, the devel-
oped current velocities are small, which in turh means that
the advective terms are negligible. When the wind starts to
blow more strongly, after 24 hours, the mixed layer starts to
sink in the regions N and F, with a time lag of 10 hours in N
and 4 hours in F. This time lag response must be associated
with the initial mixed layer depth %, 100 m at N and 45 m at
F. However, in region S with initial mixed layer depth of 60
m, » remains unchanged, indicating that there is another

o w
&
G %2
>3.60 YN
- o
.JE [~ Fh
oo Wwa ™~
ww-65 x=
X0 Ep
=
0 24 48 72 a8 120
TIME (HOURS }

Figure 7. Time variation of mixed layer temperature
{dashed line) and mixed layer depth (solid line) in the region
south of the front (S).
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Figure 8. Time variation of mixed layer temperature
{dashed line) and mixed layer depth (solid line) in the frontal
region (F).

important factor in the temperature and mixed layer depth:
the dependence on temperature gradients above the thermo-
cline which are much stronger in region 8.

Initially, the sinking and cooling rates are small and reach
a sudden maximum around 48 hours. This ¢oincides with the
maXimum wind intensity. Here we have an indication that
the sinking and cooling of the mixed layer is not a smooth
process, in accordance with Elsberry and Camp [1978). The
maximum depth is reached at approximately 72 hours,
reaching 64 m in region $, 73 m in F, and 120 m in N. After
this the mixed layer remains steady for about § hours,
starting to retreat due to weak winds and diurnal heating.

The local inertial period is 18.6 hours (latitude 40°S), and
due to the horizontal advection terms, there is an oscillation
at around 16 hours. At each quasi-inertial period, there is a
retraction of the mixed layer, and the maximum depth is
never reached again. The sudden decrease of the mixed layer
depth and the delay (2 hours) in starting the retraction (when
the maximum depth is reached) are numerical demands
made in order to avoid numerical instabilities when the
sinking/cooling regime is changed to the retraction/heating
regime, Thus this apparent discontinuity is not a real phe-
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5 - 100§ 3
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z ~
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- ©
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9 Fod 48 TE 111 12¢
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Figure 9. Time variation of the mixed layer temperature
{dashed line) and mixed layer depth (solid line) in the region
north of the front (N).
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nomenon, What should be emphasized, nevertheless, is that
an oscillation with a frequency a little longer than the local
inertial (“‘shift 1o the blue'”) must exist.

The temperature, in turn, continnes to decrease until
approximately 54 hours when the rate of decrease falls off
considerably. Around 60 hours, the rate of temperature
decrease is quasi-steady, coinciding with one of the peaks of
heat gained by the ocean. The minimum temperature is
reached at 72 hours with the values of 14.8°C in 8§, 15.4°C in
F, and 19.4°C in N, constituting a total variation of 0.2°C,
0.6°C, and 0.6°C, respectively, Therefore for a storm that
develops symmetrically with respect to time, the maximum
depth and the minimum temperature coincide with the return
of fair atmospheric conditions, Thereafter, there is no fur-
ther temperature decrease, with the temperature oscillating
with a frequency less than the inertial (shift to the red). At
approximately every 20 hours, there is a mixed layer warm-
ing, but the temperature never reaches the previous mini-
mum point; also the amplitude of the oscillations displays a
decreasing trend.

The difference between the oscillation frequency of tem-
perature and that of the mixed layer depth is due to the
difference between the thermal inertia (large) and mechani-
cal inertia (small) of the mixed layer. In addition, the
temperature should follow closely the diurnal heating cycle.
The phase difference between oscillations of £ and T should
not reach 180°, since before this happens, the oscillations
will be damped. This damping process is more intense when
a sharp thermocline exists at the base of the mixed layer.

The comparison of the temperature profiles when the
storm begins (24 hours) and ends (72 hours) for the regions S,
F, and N (Figure 10) shows, in general, that only the layer
just below the mixed layer exhibits a slight increase in
temperature, with the decper layer conditions remaining
unchanged. Inside the mixed layer the cooling is due to
entrainment and to the surface buoyancy flux. For the layers
just below the mixed layer the heating is caused by entrain-
ment. Although this heating could be caused by a convective
adjustment of the profiles, (when R < 0.25), it could be
inferred that the heating magnitude decreases with the
increase of the vertical gradient of temperature in the base of
the mixed layer. For the deeper layers the temperature
changes must be mainly due to the advective terms, which
are small.

A small displacement of the front toward the south is
suggested by Figure 11, showing the vertical velocity versus
cross-front distance ( ¥ coordinate), where the curves for the
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Figure 10. Temperature profiles in the regions south (S)
and north (N) of the front and also the temperature profiles
in the frental region (F), when the storm starts (dashed line)
and when it ends (solid line).



PEREIRA AND MASCARENHAS: NUMERICAL SIMULATION OF QCEANIC FRONT

beginning and the end of the storm are shown. The horizon-
tal divergence field in the mixed layer is expressed in an
equivalent manner by the vertical velocity field in the layer
just above that which contains the base of the mixed layer.
The positive vertical velocities indicate upwelling or hori-
zontal divergence, while the negative ones indicate down-
welling or horizontal convergence. When the wind starts to
blow there is a slight upwelling (divergence) in the regions S
and N associated with the downwelling at F, assuring mass
conservation. At the end of the storm event the upwelling
and the downwelling are intensified, with the downwelling
maximum being shifted approximately 20 km toward the
south with respect to the initial maximum. This ocean front
shift in response to a single storm event does not agree with
Roden and Paskausky [1978], who assert that the response
time is 1 week.

When comparing the mixed layer depth variations with
temperature variations, it would be expected that the varia-
tion of the temperature profile at F would be greater than
0.6°C, since there was a 28 m sinking during the total
process. This is probably due to the tendency of the down-
welling to cause a slight warming of the mixed layer,
contrary to the cooling caused by the upwelling.

The anomalous upwelling observed near the boundaries
(see Figure 11} is spurious and due to the somewhat inade-
quate boundary conditions. As the vertical velocity is com-
puted from the continuity equation (equation (3)), where
there is a horizontal derivative, the horizontal velocity error
at the boundary is amplified. However, for the time step of
integration used, these errors do not affect the regions of
interest, S, F, and N,

The evolution of the velocity field in the mixed layer and
in the layer just under the mixed layer base, for the three
regions, S, F and N, is shown in Figure 12. During the first
time step the velocities at § and F are larger because the
mixed layer depths are shallow. After the sudden wind stress
increase (24 hours), the mixed layer modeled velocities also
increase suddenly and not in a continuous form, but with
peaks separated by roughly regular 20-hour intervals. These
oscillations, although persistent in the mixed layer, are not
found in the layer below, in agreement with Halpern [1974]
and disagreement with Price [1976]. By the time of the
current velocity maximum (70 hours), there is a vertical
shear between the velocity in the mixed layer and the
velocity at the top of the thermocline of approximately 0.27
m/s in §, 0.20 m/s in F, and 0.15 m/s in N. This strong shear
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Figure 11. Cross-front vertical velocity when the storm

starts (solid line) and when it ends (dashed line).
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Figure 12. Time variation of the mixed layer current ve-
locity at the regions S (solid line), F (dashed line), and N
{dash-dot line). The current just below the mixed layer in
these regions is also shown.

results in RY < 0.25, confirming the idea that the mixed
layer is essentially turbulent. It should be noted, however,
that the velocity variation in the layer below the mixed layer
is very small, making a small contribution to the intensifica-
tion of the velocity shear.

The response time before indications of inertial oscilla-
tions is about 10 heurs. This is small when compared to the
inertial period and is due to the small mechanical inertia of
the mixed layer.

The intensity of the velocity in the mixed layer during
strong wind periods is directly related to the mixed layer
depth [Phillips, 1977]. With the return to mild wind condi-
tions, the modeled current velocities in the mixed layer show
a temporal variability that is dominated by movements with
a period of approximately 16 hours. Thus the dominant wave
frequency exceeds the inertial by 16% (shift to the blue).

The existence of inertial oscillation suggests the following
sequence in the development of the observed (modeled)
cutrents [Pollard, 1970; Pollard and Millard, 1970; Phillips,
1977; Pollard, 1980; DX’ Asare, 1985b]. During the period of
intense wind stress, Ekman currents are generated, and
when the wind stress slackens, these currents are too weak
to be maintained by geostrophic balance because the pres-
sure gradient terms will be small compared to Coriolis. The
dominant balance will then be between the inertial terms and
Coriolis, and the current will turn inertially. The pressure
gradient terms, though comparatively small, have the ten-
dency to restore the geostrophy. being important in the
energy dissipation process.

The temporal behavior of the along-front velocity compo-
nent (1) and cross-front velocity component (v) for the
regions S, F, and N is shown in Figures 13, 14, and 15. The
1 component increases continually and does not oscillate
untit 72 hours. Thus the nonlinear terms of the x momentum
equation are not important while the wind is strong. There is
a small-amplitude oscillation which is swiftly damped after
the wind decreases. After 10 hours of stronger winds the v
component starts to oscillate with large amplitudes, reaching
its maximum value approximately at the end of the storm.
The » oscillations are the ones that modulate the current
velocity oscillations. As mentioned before, in the beginning
of the experiment there is a tendency for oscillations to have
a period larger than the inertial ones (20 hours). However,
after the storm the period of oscillation is less (16 hours).
This is due to the fact that in the beginning only the
meridional component (v) oscillates with a period close to 20
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Figure 13. Time variation of the current velocity south of
the front (8): its absolute value |v| (solid line); meridional
component v (dashed line); and zonal component 4 (dash-
dot ling).

hours. After the storm there is an oscillation in #, which,
being out of phase with the v component and having different
frequencies, results in an oscillation shifted to frequencies
higher than the inertial.

The inertial oscillations could be also observed in the
velocity diagrams (Figures 16, 17, and 18) for the regions S,
F, and N, where the numbers shown indicate the inertial
periods {18.6 hours for 40°S). As can be seen, the current
increases up to four inertial periods, when it begins to
oscillate at inertial frequency, turning around in the anti-
clockwise sense. The amplitude and damping of this oscilla-
tion decrease toward the north, being larger in S and smaller
in N. This is probably related to the mixed layer depth at the
time when the wind stress becomes negligible.

As final comments on this experiment we can infer that
concerning the ocean conditions, two quantities are funda-
mental in the determination of the delay of response and of
the sinking/cooling rate of the mixed layer: the initial mixed
layer depth and the intensity of the vertical gradients at the
top of the thermocline.

Apparently, the preponderant factor is the thermocline
intensity. For instance, in the S region the initial mixed layer
depth is 60 m, intermediate between the values of 4Sm at F
and 100 m at N, but with strong vertical temperature
gradients at the base of the mixed layer. In the S region,
nevertheless, sensible variations were not detected either in
temperature (AT = 0.2°C), or in the mixed layer depth (Ah
= 4 m). In the N and F regions, where the vertical
temperature gradients are not so strong, the response time is
small compared to the local inertial period. These facts are
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Figure 14, Time variation of the current velocity in the
front (F). its absolute value |v| (solid line); meridional com-
ponent v (dashed ling); and zonal component i (dash-dot
line).
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Figure 15. Time variation of the current velocity north of
the front (N): its absolute value |v| (solid line); meridional
component v (dashed line); and zonal component v (dash-
dot line),

justified since the stronger the stratification below the mixed
layer, the larger R}, which is directly related to Ab. This will
inhibit the entrainment and consequently will retard or
hinder the mixed layer sinking/cooting,

During the storm event it was observed that the mixed
layer depth could increase and the temperature decrease,
even though the ocean is being heated. This is the result of
entrainment of cooler and denmser water from the layers
below the mixed layer. The downward buoyancy flux needed
for entrainment is provided by the wind.

Thus the numerical experiment I (EXP.I} shows that the
local changes of the thermal structure of the upper ocean are
due to the superposition of the entrainment effect and heat
lost to the atmosphere through surface fluxes. The relative
amount of the contribution of each is studied in EXP.II,
discussed in the next section.

4.3. Results and Discussion of EXP.IT

In this experiment the surface buoyancy flux is suppressed
in order to try to separate its influence in the thermal and
dynamical structure of the ocean front from the influence of
the buoyancy flux due to entrainment at the base of the
mixed layer. The comparisons between EXP.II and EXP.I
will be made only for the F region, which characterizes the
upper ocean structure in a surface ocean front with respect
to the regions S and N. No significant variation could be
detected compared to F.

The temporal variation of velocities in the mixed layer and
in the layer just below shows absolutely analogous behavior,
in spite of the large heat loss (Q = —27.2 x 10° W/m?)
which occurred during the 5-day integration periced in EXP.I.
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Figure 16. Velocity hodograph in region S. The numbers
indicate local inertial periods, and the arrows indicate the
direction (the inertial period for 40°S is 18.6 hours).
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Figure 17. Velocity hodograph in region F. The numbers
indicate local inertial periods, and the arrows indicate the
direction (the inertial period for 40°S is 18.6 hours).

The comparative evolution of the mixed layer depth is
shown in the Figure 19, where we can note a maximum
decrease of about 4% of the total depth variability, at 72
hours.

These results show that at least for small timescales and
very strong wind conditions considered here, the surface
heat exchange is not important in the determination of the
mixed layer velocities and depth. Besides that, the entrain-
ment velocity, w,, is approximately the same, indicating
that the Kinetic energy generated by shear (mechanics) is
more important than the energy generated by temperature
differences (convective). The sinking process is really dom-
inated by the wind stress through the term z; . Probably, as
asserted by Kraus and Turner [1967], the cooling could be
more important than the wind stress in the dynamic change
of the mixed layer, but only under mild wind conditions or
on seasonal timescales, where a climatological wind stress
mean is considered.

After 72 hours, there is a stabilization of the mixed layer
depth caused by numerical adjustments, followed by a
sudden retraction, which is anticipated by 15 hours in the
same experiment performed with inclusion of surface heat
flux. The minimum mixed layer depth reached during the
retraction is the same (57.5 m). Thus the response time for
the beginning of the inertial oscillations depends not only on
the preexistent water column conditions, but also on the
atmospheric conditions at the moment. The mixed layer
depth oscillation period was the same for the two experi-
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Figure 18. Velocity hodograph in region N. The numbers
indicate local inertial periods, and the arrows indicate the
direction (the inertial period for 40°S is 18.6 hours).
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Figure 19, Time variation of mixed layer depth at the front
from numerical experiments I (solid line) and II (dashed
line).

ments (16 hours); this demonstrates the importance of the
nonlinear terms in mixed layer models.

The mixed layer temperature suffered more sensible
changes in the experiments than the mixed layer depth.
Figure 20 shows the temporal behavior of the temperature
for the two experiments (EXP.I and EXP.ID.

Without the surface buoyancy fluxes the temperature
variation is continuous from 24 to 72 hours of simulation.
The maximum rate of temperature decrease remains around
48 hours, but in this experiment the temperature does not
display steadiness at around 60 hours, suggesting that the
temperature variation was due to diurnal heating. The min-
imum temperatures reached in both experiments were
slightly different, showing that under storm conditions, the
entrainment is more important in the decreasing temperature
process than the surface heat loss. After 72 hours, during the
mild wind conditions, there was no oscillation due to the
diurnal heating. The temperature decreases slowly and sys-
tematically, indicating nonlinearity effects through the non-
constant cooling rate.

The attempt to conserve the amount of heat, imposed by
the formulation of the problem, results in an instability in the
layers below the mixed layer, which in turn compels many
iterations in order to obey the requirement R} = 0.25. We
cannot make any conclusive remark about the behavior of
the mixed laver temperature beyond 72 hours because,
apparently, some numerical problems arise after that time

MIXED LAYER TEMPERATURE (°C)
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Figure 20. Time variation of mixed temperature at the
front from numerical experiments I (solid line) and II
{dashed line).
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Figure 21, Time variation of the wind direction (¢} (solid
line), x component of the wind stress (dashed line), and y
component of the wind stress (dash-dot line) for experiment
1II.

due to the Richardson number condition, invalidating the
results,

4.4, Resulis and Discussion of EXP,III

The frontal phase of an atmospheric cold front is charac-
terized by a sudden change in the wind direction, without
large changes in its magnitude [Thompson and Huggett,
1981). The purpose of this experiment is to verify in which
sense the change in the wind direction could affect the ocean
front structure.

The initial fields of temperature, mixed layer depth, and
current velocity, as well as the heat exchange processes in
the air-sea interface, will be the same as EXP.I. The wind
stress, (1), will have its components given by

1= paCDug sin B(1) a2

1,(t) = p,Cput; cos B(¢)

where 8 is the angle between the north and the direction
from which the wind is blowing. The wind speed is constant
and equal to 4 m/s during the simulation period. The tempo-
tal variation of 8(¢), 7,(¢), and 7,(¢) is shown in Figure 21.

The NW wind direction in the first 24 hours is constant;
after that there is a change in the direction at a constant rate
of 10°h, reaching the SW direction after 9 hours. In the
following hours the wind is constant in magnitude and
direction.

As pointed out before, the only purpose of this experiment
is to investigate the thermal and dynamical response of a
vertical section of a horizontally nonhomogeneous ocean to
the change of wind direction only.

The temperature and the mixed layer depth at the region N
remained unchanged, probably due to the large depth of the
mixed layer and the lack of entrainment at its base, The
regions F and S present the same qualitative behavior under
the imposed atmospheric forcing, differing only in the order
of magnitude of the variations. Since the variations are very
small and better visualized at F, the temperature and hori-
zontal velocity graphs will be shown for this region only.

The temperature variation is shown in Figure 22, Due to
the low wind speed and small initial warming, the tempera-
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Figure 22, Time variation of the mixed layer temperature,
at the frontal region for experiment I1I.

ture remains unchanged during the first 36 hours. From then
on, there is a small temperature decrease with a maximum
variation rate around 48 hours. About 35 hours there is an
inversion in the rate of decrease, reaching an intermediate
maximum about 50 hours. During the remaining period of
numerical integration there is an oscillation with the diurnal
heating cycle showing no damping. Despite the existence of
a strong horizontal temperature gradient in the F region, the
advective terms are not important due to the low current
velocities developed. Probably in a timescale larger than the
one considered here, some kind of oscillation could be
generated by those terms. The layers below the mixed layer
does not show any variation in temperature, since the
vertical advection terms are also negligible. Thus the tem-
perature field does not feel the change in the wind direction,
as its variations are due only to the surface buoyancy fluxes.

The mixed layer depth also did not show significant
variations. Even if the water column potential energy should
be conserved since the low value of u, does not allow
entrainment in the mixed layer base, it is proportional to the
square of the mixed layer depth and to the linear tempera-
ture. With such small temperature variation, the mixed layer
depth remained unaffected.

Figure 23 shows the temporal variation of the mixed layer
horizontal velocities. The initial speed is 0.025 m/s, with a
larger meridional component (v = 0.023 m/s). There is a
small decrease in the beginning as an adjustment of the
model to the imposed forcing. Up to 24 hours the current
velocity is increasing, but always with small values due to
the low wind velocity. Just after the wind direction change
there is a change in the rate of increase, even changing to a
decreasing rate (around 27 hours) due to the change of sign
of the v component, before stabilizing and remaining approx-
imately constant in direction and magnitude for the rest of
the time.

The u component exhibits similar behavior up to 24 hours,
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Figure 23. Time variation of the current velocity (solid
line), meridional component v (dashed line), and zonal
component & (dash-dot line) at the frontal region for exper-
iment III.
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with a slightly higher rate of increase in the velocity after
that, due to the intensification of the x component of the
wind stress, After that, there is a decrease with a tendency to
reach a constant value, never changing sign, but with a slight
increase with time,

The v component decreases continuously, reaching its
minimum value at 24 hours, when it starts to increase at a
higher rate due to the varjation of the exiernal forcing. The
maximum value is attained around 36 hours, with an abso-
lute value much less than that attained at 24 hours. After
that, there is a slow damping, probably due to the diffusive
terms.

The observed oscillations after 90 hours of numerical
integration are spurious and due to the boundary conditions,
Despite special treatment of the pressure gradient term and
the boundary conditions, in this model, a sudden perturba-
tion in the system makes unavoidable some boundary refiec-
tions,

Taking into account only the external factors, the sinking
process and the maximum current attained in the mixed
layer are uniquely dependent on the intensity of the applied
wind stress. Although in this case the advective terms did
not exert any significant influence in the maintenance and
propagation of the oscillations in the mixed layer, it couid be
noticed that a sudden change in the wind direction induces
perturbations in the mixed layer more quickly than a con-
stant strong wind acting during many hours. Therefore for
forecasting at this timescale, the wind climatological means
for the region are not appropriate, since the response time is
swift and very sensitive to the local wind variation.

The spatial variation of the vertical velocity along the front
before and after the wind direction change is shown in Figure
24. Here we can observe that in spite of the small values of
the velocity, there is an almost complete inversion of up-
welling and downwelling processes and vice versa.

5. Conclusions
5.1. Critical Analysis of Model Limitations

Before summarizing the main conclusions, is perhaps
appropriate to mention the principal limitations invoived in
the analysis. The errors in the prediction of the thermal and
dynamical structures of the upper ocean could be divided
into four categories; (1) errors due to uncertainties in the
atmospheric forcing computations; (2) errors due to ill-posed
initial conditions; (3) errors due to the physical limitations of
the model, i.e., its approximations and simplifying assump-
tions; and (4) errors due to inaccuracy of the numerical
solutions.

In the first category, a typical procedure to specify the
surface heat and momentum fluxes is through the use of the
bulk aerodynamical formulas, which include meteorological
surface observations and empirical turbulent coefficients.
There are many specific studies of quantitative e valuation of
the surface parameters in the computation of atmospheric
forcing through the bulk aerodynamic formulas [Friehe and
Schmitt, 1976; Fissel et al., 1977, Foken, 1984; Stravisi and
Crisciani, 1986]. A brief summary of the main conclusions
will be repeated here,

1. The wind velocity is very important because of its
triple effect in the dynamics of the upper ocean. First, it
induces surface currents. Second, it induces changes in the
mixed layer depth through the turbulent kinetic energy that
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Figure 24. Vertical velocity field in a cross-front section,
at the beginning of the wind direction change (solid line), and
at the end of the wind direction change (dashed line).

is proportional to «7. Third, it controls the latent and
sensible heat transfer between the atmosphere and ocean.

2. The dew point temperature is important, since it is
needed in the computation of the latent heat flux, one of the
main terms in the budget.

3. The sea surface temperature is important also, since it
appears to the fourth power in the computation of the
infrared radiation from the sea.

4. The air temperature near the surface and the cloud
cover estimates are not as important as the other parame-
ters, since they are linear ferms in the computation of
sensible heat flux, heating by solar radiation, and cooling by
long-wave emission.

5. The selection of values for the bulk transfer coeffi-
cients depends on the specific conditions for which the
model is proposed. Facing this empirical scenario, one finds
a wide range of values in the literature (Hidy, 1972]. For
instance, in this work we have used Garratt’s [1977] drag
coefficient (equation (20)), which does not take into account
the atmospheric stratification.

Therefore the uncertainty in the wind stress estimates is
the largest source of error in the prediction models for the
thermal and dynamical behavior of the upper ocean, partic-
ulady when we deal with extreme conditions, as in our case.

In the second category, the specific studies on the influ-
ence of the initial conditions in the predictive models,
through data assimilation techniques [Elsberry and Warren-
Jeltz, 1982], are not yet conclusive. The scope of this study
was not to evaluate the effect of different initial temperature
and velocity profiles on the mixed layer time evolution, In
the mixed layer model of Martin [1982], which studied the
ocean response to Hurricane Eloise, despite some uncertain-
ties in the initial conditions, the results were reasonably
similar.

In the third category, the assumptions and approximations
used in the model were justified in section 2. This model is
idealized, particularly with respect to the omission of salinity
effects [Miller, 1976], which does not allow us to consider
other characteristic aspects of the passage of atmosphernic
fronts such as precipitation.

In this model the constant coefficient turbulent diffusivity
is & poor parametrization of the horizontal mixing effect in a
strongly nonhomogeneous field,

Although the entrainment process was made possible
through the ad hoc parametrization of the *“*buoyancy’ flux
at the base of the mixed layer, this parametrization does not
have any incontestable experimental support. The sensitiv-
ity of the results for different parametrizations of the entrain-



16,092

ment, horizontal mixing, and dissipation processes could be
the subject of further studies.

When some dynamic parameter reaches a typical value,
instabilities could occur. The mixed layer models utilize the
Richardson gradient number (R}, which relates thermody-
namical (density differences) to dynamical (vertical shear
velocity) quantities. However, it is inherently vulnerable to
the choice of the distances over which the jumps in the
variables are estimated. It is the judgment of these distances
that will cause the critical values to be reached or not; this
leads us to a critical point, which is based on a not very
rigorous criterion, in provoking or not provoking instabilities
in the water column.

In the fourth category the numerical schemes used in this
model are expected to guarantee numerical stability under all
circumstances during the integration time (120 hours). Nev-
ertheless, around the time step number 90 (45 hours of
integration), the term VP starts to become very large near
the boundaries. This would lead to large differential veloci-
ties, which have a tendency to destabilize the vertical
velocity computation, estimated through the continuity
equation. Probably, this is due to the instability of the
numerical schemes used to implement the radiational bound-
ary condition, or to the incorrect estimate of the phase
velocity of propagation. In order to avoid problems in the
region between the tenth and fiftieth grid point, an artificial
damping was imposed for the points outside of this region,
by the use of diffusion coefficients 2 orders of magnitude
larger, after the fiftieth time step.

If a larger numerical integration time is needed, for in-
stance, to evaluate the time needed to have the inertial
oscillations completely attenuated after the storm in EXP.I,
these boundary conditions must be recalculated.

Models of prediction for the upper ocean are initial bound-
ary value problems, which are very much dependent on
meteorological and oceanographical observations. Up to the
present, the lack of an adequate data set for numerical
simulations is the largest obstacle for the general develop-
ment of the numerical prediction models, such as the one
here presented.

5.2. Summary of the Main Conclusions

The results obtained and discussed in section 4 have
shown that this model can be used to estimate the magnitude
of the thermal and dynamic changes of the upper ocean. Also
the response time of those changes to a sudden intensifica-
tion in the momentum and heat fluxes in the air-sea interface
can be estimated. The principal conclusions of this study can
be summarized as follows:

1. Generally speaking, there were significant increases in
the mixed layer depth and decreases in its temperature with
the intensification of the wind velocity and surface cooling.
Under mild wind conditions and surface heating, there wasa
retraction of the mixed layer with an associated increase in
its temperature.

2. The sinking/cooling process of the mixed layer was
not smooth, having its maximum rate coincident with the
maximum storm conditions. For a storm symmetrical in
time, the maximum mixed layer depth and minimum temper-
ature coincide with the return to the mild atmospheric
conditions, since from then on there were no additional
sinking or temperature decreases, However, we observed
oscillations with frequency near the local inertial frequency
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in the mixed layer depth (shifted toward blue) and in the
temperature (shifted toward red). The phase shiftsinhand T
are due to differences in the thermal and mechanical inertia
of mixed layer and to the diurnal heating cycle and should
not reach 180°, The damping process of the oscillations is
more intense when there is a sharp vertical gradient of
temperature at the base of the mixed layer.

3. Indecreasing order of importance, the distributions of
momentum and heat in the mixed layer depend mainly on the
thermocline intensity at the mixed layer base, wind stress
intensity, and mixed layer depth. The entrainment at the
mixed layer base, the vertical advection, and the air-sea heat
exchange contribute to the sinking/cooling process of the
mixed layer. For very short timescales, and under severe
wind conditions, the turbulent mixing is basically controlled
by 4,2, favoring entrainment over surface heat exchange. On
the other hand, heat losses weaken the stratification; conse-
quently, the resistance to the mixing is also weakened. Thus
it is clear that when both processes are combined, as during
a cold front passage, the result is maximized.

4. The present mode] suggests that the ocean response,
in terms of mixed layer sinking, to swift and intense atmo-
spheric forcing is also fast, being of the order of 10 hours, It
suggests also that thermocline intensity is important in this
response time, as well as in the response amplitude.

5. The increases in the wind velocities have a pro-
nounced influence in the mixed layer velocity. The storm
excited inertial currents (of the order of ¢.3 m/s), whose
magnitude depends on the mixed layer depth. After the
storm passage, this inertial current rotates in the anticlock-
wise direction and decreases in magnitude. The oscillation
frequency is larger than the local inertial frequency by 16%
(blue shift), with the respective damping directly related to
the mixed layer depth at the moment that the wind stress
becomes negligible. The current velocity components # and
v are out of phase and have different oscillation frequencies.

6. The inential oscillations do not propagate in the layers
below the mixed layer depth, and their thermal and dynam-
ical structures were not modified.

7. Usually, the advective timescale is larger than the
synoptic timescale we deal with in this problem. However,
through horizontal inhomogeneities and atmosphere-ocean
heat fluxes the advective terms become important as they
result in inertial oscillations of mixed layer properties once
mild atmospheric conditions are reestablished. This is one of
the aspects that show the need to have the mesoscale
dynamics associated with the mixed layer dynamics for
short-term prediction in the ocean. Nevertheless, for small
wind velocities, the inertial terms are negligible, which
suggests a decoupling of the level model and the mixed layer
model. Thus the studies of the thermal and dynamic changes
in the upper ocean, even in an ocean front, could be done
using unidimensional mixed layer models, but only over a
seasonal timescale.

8. The development of a storm over an existing ocean
front was able to displace the front from its initial position by
approximately 20 km. It should be noted that the displace-
ment of a sirong baroclinic zone such as the subtropical
convergence in the South Atlantic, could bring important
consequences to the atmosphere. For instance, Sanders and
Gyakum [1980] found a large correlation between marine
cyclogenesis events and strong sea surface temperature
gradients,
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9. The thermal structure of the upper ocean, in this
experiment, is totally indifferent to a change in wind direc-
tion, for low-intensity winds, even in regions where there are
strong horizontal gradients, as in an ocean front. The oscil-
lations of the mixed layer temperature are entirely a function
of the daily scale of the solar heating.

10. For a sudden change in the wind direction, the
response of the current velocity field in the mixed layer is
almost instantaneous.

5.3. Suggestions

This work was dedicated to understanding how a solitary
atmospheric event contributes to the variability of a large-
scale ocean front. Since the response timescale of the ocean
is much larger than the atmospheric forcing timescales, this
would justify the use of the temporal mean of the forcing in
ocean simulations. However, under severe atmospheric con-
ditions, significant changes do occur in the ocean thermal
structure on short timescales. Even using an idealized char-
acterization of one of the phases of an atmospheric cold
front, these changes are very complex, according to the
model.

From the fact that the momentum and heat fluxes at the
air-sea interface with respect to the atmospheric cold front
passage are very asymmetric and that the thermal and
dynamical structure differs from place to place, we can
conclude that the ocean response could not easily be gener-
alized. Thus the presented results should be interpreted with
caution, since the precise description of the Fast ocean
response to storms can only be reached by the means of
many events. In addition, during each of these events,
detailed specification of the atmospheric forcing and of the
upper layer structure of the ocean must be given.

Perhaps the least understood aspect of the dynamics of the
upper ocean is the horizontal variability of the upper mixed
layer. In this model of an ocean front under the action of an
atmospheric front, many physical processes were not in-
cluded. It is premature therefore to compare quantitatively
the presented results with real ocean observations. Before
these comparisons could be established, other improve-
ments should be incorperated in the model, such as intro-
duction of salinity in the buoyancy fluxes; more realistic
current velocity profiles, specifically Brazil and Malvinas
current velocities; and other features proposed in section
5.1. Finally, a giant step will be taken with the inclusion of
the third dimension in the model.
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