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FLUID EXCHANGE ACROSS THE EQUATORIAL FRONT®
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Abstract In this paper, the cusp-shaped wave pattern (Legeckis wave) along the Equatorial
Front (EF) is modeled by a meandering jet, and the motion of fluid parcels in a two-dimensional kine-
matic model of the meandering jet along EF is studied using Melnikov's method. Results indicated that
the velocity field of the cusp-shaped wave pattern can indeed be modeled by a meandering jet; that the EF
will act as a barrier to fluid exchange if there is no variability, but that it is just the variability that moves
the buoy across the EF.
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INTRODUCTION

Legeckis (1977) first reported the appearance of a cusp-shaped wave along the EF (Equatorial
Front) in the eastern Pacific in infrared photographs from geostationary weather satellite data. These
waves were typically about 1000 km long, extending between about 95°W and 130°W . The waves
moved westward at average speed of about 40 cm/s, and effective period of 20 to 30 days. Similar
wave patterns had been seen in geostationary satellite data for the summer months of each year since
1975 (Legeckis et al., 1983), except 1976 and 1982, both of which were El Nifio years in the
eastern tropical Pacific. See Fig.1.
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Fig.1 Sea surface temperature (Philander and Halpern, 1985)

A composite sketch (Fig.2) shows the Legeckis waves at the equatorial sea surface temperature
front (EF) as well as the South Equatorial Current (SEC) and North Equatorial Countercurrent
(NECC) (from Legeckis 1977) . Philander (1976,1978) suggested that Legeckis waves result from
the shear instability between the SEC and NECC.

Since EF is the equatorial front of sea surface temperature, the fluid around the EF must not be
mixed well, otherwise the front will not exist and persist. Then, does the EF really play the role of
a barrier for fluid exchange as we intuitively imagined? Fig.3 shows an exemplary feature in the
buoy trajectory (Hansen and Paul, 1984). The buoy was deployed on June 7 (Julian Day 158) at
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2°N, 105°W. This trajectory also shows a clear example of the buoy behavior in crossing the EF.
(position of EF can be seen from Fig.2)
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Fig.2 Sketch of EF, SEC and NECC

Then, the question is how to study the fluid
exchange across the EF and how to explain the be-
havior of the buoy? In this paper, we explain why
we can use a meandering jet to model the cusp-
20 shaped wave pattern and to investigate the fluid
exchange across the EF by the kinematic model of

meandering jet. There were several studies of such
Gulf Stream (GS) models in the past few years.
Bower (1991), based on RAFOS float observa-
Fig. 3 Trajectory of buoy deployed at 2°N, 105°W tions, devised a kinematic model consisting of a
(Hansen and Paul, 1984) uniform width jet deformed by a steadily propagat-
ing sinusoidal meander. In the reference frame

moving with the meander, the fluid motion was steady, the steady motion in the moving frame was
comprised of three regimes: a central jet, exterior retrograde motion, and intermediate closed circu-
lation above meander troughs and below crests. But in Bower’s model, no exchange can occur be-
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tween the three regimes.

Samelson (1992) modified Bower’ s model to include additional spatio-temporal variability in
the velocity field to explain the float observations indicating that fluid exchange does occur across
some parts of the GS.

CHARACTERISTIC OF VELOCITY FIELD

The cusp-shaped wave pattern along the EF is the shape of isotherms, but what we are con-
cerned about is the characteristic of the velocity field which we now know little about. Here we give
a rough but important relation between isotherms and streamlines.

Observations suggest that the cusp-shaped wave pattern can be maintained for several months,
so we can conclude that the fluid exchange and mixing must not occur intensely. Based on this con-

clusion, we suppose isotherms act as barriers to fluid (under ideal condition), i.e. % =0.

Expressing temperature field as ¢(%,%,¢t) ,stream function in the fixed frame as ¢(x,,t),
stream function in the reference frame moving with ¢ as (p( %,¥,t), we get ¢=¢+cy . Now we

a
are going to obtain the prerequisite of —a—? +J(¢,0) =0 (1)
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Suppose § = x — ct, we obtain §£=%'?}_§= —cg—g. From (1), we have
30,3936 _agae
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Letting ¢ = ¢ + ¢y, we get —g = -a—g, g—fj = %“f + ¢ . Substituting this formula into the former formu-
la, we have
3pal _230 _ _

It easily follows that 6 = F(¢) is the sufficient condition of (1):
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From the above conditions, the existence of EF requires that the tempemture field and the ve-
locity field satisfy the condition that the isotherms and the streamlines are parallel. Observations
showed that the EF indeed exists, so the streamlines must parallel the isotherms. We should note
here that our premise that fluid exchange and mixing across the EF does not exist; but this is not in
fact the case, so our conclusion that streamlines are parallel to the isotherms is correct only on an
ideal condition. While we here consider the streamlines “basically” parallel to the isotherms, they
will be affected by other fluctuations which will be discussed later.

MODEL

So the stream function for the cusp-shaped wave pattern alone the EF can be taken to have the
form studied by Bower (1991) and Samelson (1992) for the GS:

. y -y
¢ = lﬁo{tanh(m) -1} (3)

where
¢ : scale factor, which with A" , determines the maximum downstream speed;

y.: A" cos[ K" (x" = ¢lt"] +%k' d %cos[2k " (x" = ¢)t" )] +
%k'zd”coe[Sk' (2" =¢’t")]
define the center streamline, where A" is wave amplitude, the last two terms correct the shape of

2n
—, the wave number;

streamline to make it more similar to the cusp — shaped wave pattern; & " : r

3.0
A" : the scale width of the jet; a” : tanh( a}’xc ), direction of current;

A reference frame moving with the meander may be introduced with coordinates:
&= x - ct (in this paper, c is negative), 7=y
The corresponding non-dimensional stream function for motion in the co-moving frame is:
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@(&) =tanh(-Th) - 14 oy (4)
where o(&,m) =¢(&,9) + cq

7c = Beos(kg) + %kdzcos(ZkE) + %k283cos(3k8);
d
a=tan”' (5F)

Based on our observation of the Legeckis wave, we will fix the parameters for the basic mean-
dering jet at the following values (Table 1):

Table 1 Parameter values for basic meandering jet

Dimensional Non-dimensional
A® =100 km A=1
L” =1000 km L=10
k._Z‘K_ 2x f 2n
=1° " 1000 km 10
A" =100 km B=0.5
C, = -40 cm/s c=~-173
* =50 km §=0.5

Results are shown in Fig.4:

Dotted lines are the contours of the stream-
function in the fixed frame (x, y) at ¢ = 0, solid
lines are the contours of the stream-function in the
co-moving frame. In fact, these contours corre-
spond to streamlines in the co-moving frame and
completely describe the flow, because ¢ is time

independent. The velocity field in the moving
frame can be divided into three distinct types (as
mentioned in Introduction) by two boundary stre-
amlines labeled 1 and 2, through which no fluid
] ] will cross, so that no transport of fluid parcels into
0 2 4 e 8 10 or out of the jet can occur in the moving frame.

Now we consider three different types of vari-
ability: a time-dependent, spatially uniform me-
ridional velocity; a time-dependent meander amplitude; and a propagating plane wave superimposed
on the basic flow (1).

Melnikov’s method

Fig.4 Contours of stream-function

These variabilities may cause boundary 1 and 2 to break so that fluid exchange may occur.
Melnikov’s method is a rigorous technique for calculating (to first order) the instantaneous local dis-
tance between these boundaries. This distance is a measure of the gap through which exchange oc-
curs.

The expression for the Melnikov’s distance d is:

eM(t,)
4 =edu(to) = g (071
where M(¢,) is the Melnikov function, which provides a compact estimate of the amount of ex-
change between three regimes (see Samelson, 1992 for details) .
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RESUTLS

Spatially uniform meridional flow

Seawater along the equator flows polarward under the effect of Ekman pumping. This meridion-
al velocity has seasonal period, and can be expressed as follows:

v = cos(wt +8)

Substitution of this variability into (4) yields the total velocity as:

. ]
¢=-32
I
.3
q:aE+ecos(mt+8)

which is Melnikov function as expressed below:

M(t,) = ji:{u[x*’(z)]u’[x"(t),t vl + VIX(O)TW [X(e) st + 2]} de

= Jtn ULX*(t)]cos(wt + &) dt

(5)

M{t,) = J.: ULX°(t) ) cos(wt)cos(wt, + &) — sinwt)sin{wty + 6)]1dt

Suppose ” ULX°(t)lcos(wt)ds = M,; J‘N

So, we get

ULX (¢)]sin(wt)dt = M,

M(ty) = M,cos(wty, + ) - M,sin(wt, + &)

Let Mo =+/ M2 + M%, M(t,) =+/ M* + Micos(wt, +6°)

then

M(to) = Mocos(wto + 6')

(6)

For both boundary 1 and 2, the Melnikov function is the cosine of t,, and M(,) have finite dis-
crete null points, which means instantaneous boundary lines coincide. The instantaneous boundary
lines 1 and 2 coincide or separate in time, so fluid exchange may occur. The amount of fluid ex-

change depends on the value of amplitude M, .

Fig.5 Amplitude ¥, of the Melnikov function with fre-
quency « for meridional flow

Since M, cannot be expressed theoretically,
we calculate M, numerically for boundary 1 and
2. Results are shown in Fig.5.

In Fig.5, the solid line is for boundary 1,
and dotted line for boundary 2. When w =0, both
M, reach maximal value 10, which coincide well
with the theoretical result of (6) . It suggests that
constant meridional velocity variability can make
fluid exchange larger than the time-dependent
varisbility; in addition, within the limits of w (0
- 0.4), the strength of the fluid exchange
through boundary 2 is larger than that through
boundary 1. That means that the amount of ex-
change between recirculation and the retrograde

regimes is larger and that the fluid exchange across boundary 2 is easier.
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Fluctuating meander amplitude

Following Samelson (1992), we allow the meander amplitude to vary in time by letting B have
the following form:

B=RB,+¢ccos(wt +8)
Substituting this expression into (5) and Taylor expansion in ¢ gives:
o(&,7,B) = 9(€,7,B,) +ep + o(e?)

d §0( £, VE B, )
dB
For this stream-function the Melnikov function is:

M(¢y) = J"{u[X"(t)] c O [X0Ce) 0+ te] = o[ X)) - W [X°Ce), 2 + 6]} de

where ¢ = cos(wt +6).

we can easily reduce the above formula to:
M(2,) = Mycos(wty + &) (D

The results are shown in Fig.6. Again, solid line for boundary 1 and dotted line for boundary 2:
The most striking feature of Fig.6 is that the
maximum exchange and the frequency range over

3007 which significant exchange occurs for boundary 2
are larger than those for boundary 1.
2007 Propagating plane waves
= The meandering jet along the EF will be af-
1007 fected by equatorial waves, so we consider zonal
1 M propagating plane waves variability having the fol-
0.00-F N —e — lowing form:
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¢ @ (&,9,8) =k, cos[ k,(§~C,7t) +8] (8)
Fig.6 Similar to Fig.5, except for fluctuating mean-
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Fig.7 M,(C,) for boundary 1 Fig.8 M,(C,) for boundary 2
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The Melnikov function of (8) has the same form as (7). The results M,(C,) are shown in
Fig.7 and Fig.8 (for boundary 1 and 2 respectively). The thinner solid line, dotted line, solid
line, thicker solid line are for four different plane wave wavelengths 2x/C,: 10, 5, 2, 1. As the
wavelength increases, the frequency range over which significant exchange occurs are larger, that is
to say, long plane waves (their phase speeds match the basic flow velocity ) can facilitate strong flu-
id exchange.

From the above calculations, we can conclude that these three types of variability can indeed
induce strong fluid exchange. This gives full proof for the buoy trajectories crossing the cusp-shaped
wave pattern.

SUMMMARY

In this work, fluid exchange across the EF was studied by using a kinematic model of a mean-
dering jet and the method of Melnikov. Results indicated that for certain meridional velocity fluctua-
tion and meander amplitudes variability, the strength of fluid exchange depends strongly on the fre-
quency of the variability, some certain frequency can cause strong fluid exchange. While propagat-
ing plane waves can cause stronger exchange with increasing wavelength, the exchange is very strong
when phase speed matches the basic flow velocities. So we can say that it is variability that deter-
mines the buoy trajectory mentioned above.

We must note here that this model involves only kinematics, and does not consider any dynam-
ical factor. But we have seen that this model can help us understand the fluid exchange across the
EF and know more about the buoy behavior.
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