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Evidence for interior dissipation and mixing
during a coastal upwelling event off Oregon
by Dong-Ping Wang 1 and Christopher N. K. Mooers 2

ABSTRACT
During a strong, wind-driven, coastal upwelling event in July, 1973, off Oregon, large variations occurred in the properties of inertial-internal waves and water masses. At the peak of the
event, the semidiurnal internal tide, which had significant amplitude during the spin-up phase,
disappeared almost completely at mid-shelf. During the relaxation phase, near-inertial motions
and anomalously warm water appeared at mid-depth in the upwelling zone.
Wind stress, surface heating, internal tides, and near-inertial motions were apparently the
major sources for the turbulent kinetic energy and buoyancy fluxes. The turbulent fluxes due
to wind stress and surface heating were mainly confined to the surface mixed layer. However,
some of the energy radiated into the interior via near-inertial waves. The shoreward divergence
of internal tidal energy flux appeared to produce effects comparable to those due to windstirring. In particular, dissipation of internal tides appeared to be an important energy source
for mixing in the bottom mixed layer and the internal boundary layer ("frontal layer").
Atmospheric forcing caused wind-stirring and variations in inertial-internal wave propagation
properties through alteration of mean flow and density fields over the shelf, and it generated
near-inertial motions. Hence, mixing and dissipation during a wind event were affected by
changes in wind stress, and corresponding changes in internal tidal and near-inertial energy
fluxes.

1. Introduction

During the coastal upwelling study off Oregon in summer 1973, the low-pass frequency (LP; time scales longer than 40 hrs) alongshore flow on the shelf (Kundu et
al., 1975) was characterized by: (1) a seasonal, baroclinic, equatorward coastal jet;
and (2) several-day, quasibarotropic fluctuations. Associated with the baroclinic
coastal jet was an inclined pycnocline (a- 1 : 25.5 to 26.0) or frontal layer, which outcropped to form a surface front during upwelling events. However, the low-frequency cross-shelf flow was generally difficult to characterize.
During strong southward (upwelling-favorable) wind events, there are unambiguous upwelling events, with large displacements of isopycnals and relatively large
1. Chesapeake Bay Institute, The Johns Hopkins University, Baltimore, Maryland, 21218, U.S.A.
2. College of Marine Studies, University of Delaware, Lewes, Delaware, 19958, U .S.A.
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Figure 1. Chart of the Oregon coast (bathymetry in meters) and the current meter Stations A
and C.

cross-shelf motions. A strong upwelling event during 8 to 17 July, 1973 was documented by Halpern (1976); it produced a "classical" upwelling response:
(i) At 15 km offshore (1 00m water depth), there was a sudden drop in surface
temperature from 15 to 9C on 12 July when the southward wind reached its
local maximum. After the southward wind eased, the surface temperature
rose to 14C on 16 July.
(ii) Within a 15 km wide nearshore zone, the isopycnals underwent large upward
movements; the maximum vertical velocity was about 10- 2 cm/ s.
(iii) A large offshore Ekman flux occurred in the surface mixed layer (depth 15m)
on 12 July; the maximum magnitude was about 2 x 10 4 cm 2 / s.
Hayes and Halpern (1976) found significant reduction of the semidiurnal tidal
energy in the surface mixed layer during the event peak, which may be attributable
to increased dissipation.
In this paper, the spatial and temporal variability of the interior fl.ow and water
mass properties are examined to deduce evidence for interior mixing processes during the same wind event. The interior fl.ow is examined with current meter data
(Fig. 1) from Station C (13 km offshore in 100m depth) and Station A (5 km offshore in 50m depth) (Pillsbury et al., 1974). The water mass properties are examined with hydrographic data (Huyer and Gilbert, 1974; Curtin et al., 1975;
Kelley, personal communication).
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Figure 2. Time series of the northward wind and the first empirical alongshore (v) and crossshelf (u) velocity modes at Station C .

2. The upwelling event

The mean alongshore velocity at Station C for the 10-day duration of the wind
event (8 through 17 July) was baroclinic, with the strongest southward flow at the
surface ([-29.1, -14.3, -6.0, -0.2, 0.5] cm/s at [20, 40, 60, 80, 95] m). The LP
alongshore velocity fluctuations were nearly barotropic and coherent in the vertical.
From an empirical orthogonal function analysis, Mode 1 of the alongshore velocity
fluctuations accounts for 96% of the total variance at Station C. Mode 1 of the
cross-shelf velocity fluctuations accounts for 79 % of the total variance there. Since
Mode 1 accounts for most of the variance, the subsequent analysis can conveniently
focus on its properties. The depth dependence of Mode 1's amplitude, Table 1,
(based on 10-day records) is similar to that determined from 2-month records by
Kundu and Allen (1976).
The changes in Mode 1 cross-shelf motion follow closely the changes in the local,
alongshore wind, Fig. 2. (To represent the interior motion, the amplitude of Mode 1
Table 1. Amplitude versus depth of LP, empirical Mode 1 for alongshore (v) and cross-shelf
(u) velocity, Station C.
Amplitude (cm / s)
u
V
Depth (m)
20
40
60
80

95

8.4
10.7
12.9
13.0
9.9

6.5
2.0
2.5
1.7
1.4
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Figure 3. Time series of density (a-,) at Station C (Striped area is the frontal layer).

has been evaluated at 60m.) For example, the interior onshore velocity was large
on 12 July when the southward wind peaked, and the interior offshore velocity was
large on 16 July after the southward wind eased. A similar in-phase change occurred
for the vertical movements of isopycnals (Fig. 3), viz., the upwelling spin-up was
most pronounced on 12 July, and the upwelling relaxation was pronounced on 16
July. The above information demonstrates that an unambiguous coastal upwelling
event developed and relaxed during the 10-day period of this study.
3. Inertial-internal waves

During the wind event, there were large bandpass-frequency (BP; time scales of
3 to 40 hrs) motions on the shelf. The BP and LP variances were comparable
(Table 2). Except for the upper level (20m), the BP motion was nearly isotropic
(circular motion), which suggests that it was mainly near-inertial and tidal motions.
In contrast, the LP motion was very anisotropic (oriented alongshore), which suggests that it was mainly coastal-trapped wave motion, Wang and Mooers (1977).
The BP kinetic energy, averaged over each day, was strongly modulated during
the wind event (Fig. 4), suggestive of a causal relation between the wind variation
Table 2. The variance of the LP and BP motions, Station C.
Variance (cm 2 /s')

LP
Depth (m)
20
40
60
80
95

<u">
44.1
9.0
8.7
4.8
5.2

BP
<v">

<u">

< v">

80.1
117.4
170.0
171.8
99.8

111.3
73.4
71.1
29 .1
12.8

26.5
72.3
74 .3
30.0
9.0
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Figure 4. Time series of daily mean bandpass-frequency kinetic energy (per unit mass) at
Station C.

and the BP motions. To examine these variations, the wind event is divided into
three 3-day periods, corresponding to spin-up, peak, and relaxation phases.
a. The spin-up phase (9 through 11 July). Large BP fluctuations occurred before
the peak of the wind event, and were most intense at mid-depths. Complex empirical orthogonal function analysis, cf. Wang (1975) and Kundu and Allen (19 76),
was applied to the horizontal velocity data at Station C to separate the dominant,
coherent motions. For the first two modes, the percentages of the total variance
accounted for were 70 and 16% , respectively.
Mode 1 was semidiumal motion (Fig. 5). (The power spectrum was computed
using the maximum entropy method (Lacoss, 1971 )). It had a 180° phase reversal
between 20 and 40m, and large amplitude at mid-depths (Table 3). The semidiumal
motion was also strong nearsurface during this phase (Hayes and Halpern, 1976).
Thus, the dominant BP motion at Station C was essentially a first (dynamical) mode,
semidiurnal, internal tide. The large internal tide on the shelf was probably generated
Table 3. The amplitude and phase distributions of the first two BP complex empirical modes
for the spin-up phase, Station C.
D epth (m)
20
40
60
80
95

Amplitude (cm / s)
Mode 1
Mode 2

Phase (degrees)
Mode 1
Mode 2

9.4
8.6
12.2
8.0
4.8

-168
3
11
30
0

5.4
5.7
4.0
3.2
1.1

-111
0
162
147
119
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Figure 5. The MEM power spectra of the first two complex empirical modes for the spin-up
phase (Note: power is in relative units).

by the scattering of the surface tide near the shelf break (Mooers, 1970; Hayes and
Halpern, 1976).
Nearshore at Station A, the semidiurnal motion's largest amplitude was at the
lower level and its phase (energy) propagation was upward (downward). (The first
complex empirical mode from the joint analysis of current measurements at Stations
A and C is presented in Table 4). A change in the properties of the semidiurnal
motion from those of a vertical mode at Station C to those of an upward (phase)propagating wave at Station A could be caused by energy dissipation nearbottom.
Without dissipation, the wave amplitude would increase shoreward upon reflection
Table 4. The cross-shelf amplitude and phase distributions of the first complex empirical mode
from the joint analysis for the spin-up phase.
Station
(offshore distance/
water depth)
A (5 km/50 m)
C (13 km/ 100 m)

Depth
(m)

Amplitude
(cm/s)

20
40
20
40
60
80
95

5.1
10.0
8.8
8.4
12.0
8.0
4.7

Phase
(degrees)
106
9
-167
1
11
29
0

1977]

Wang & Mooers: Coastal upwelling event
0

C

703

A

20

40

i:- 60
a..
w
0

80

100

15
11
7
DISTANCE OFFSH ORE (Km)

3

Figure 6. The field of characteristics for semidiurnal tide on 12 July, 1973 .
• position of current meters at Stations A and C
- - rays defining downgoing beams at Station A
- - - - rays defining upgoing beams at Station A

from the shoaling bottom. However, the amplitude was larger at Station C than at
Station A which, together with downward energy flux at Station A, is evidence for
significant reduction, due to bottom dissipation, of the upward energy flux shoreward of Station A.
The rays which define beams passing through the sensors at Station A (Fig. 6)
were calculated according to Mooers (1975). The downward beams of energy at
Station A, which are not affected by bottom dissipation between Stations C and A,
are likely to be the major routes for the energy flux from Station C to Station A.
Beams which passed through the lower sensor at Station A had originated from a
broader source region at Station C than those passing through the upper sensor
(Fig. 6). As a consequence, a larger wave amplitude would be expected at the lower
sensor at Station A, which is consistent with the observations (Table 4).
Mode 2 was near-inertial motion (Fig. 5). Its phase distribution was less wellorganized, presumably due to contamination by the dominant Mode 1 below 60m.
However, the near-inertial motion at the upper two levels had appreciable amplitude
(relative to Mode 1), with the lower leading the upper level by 90 °. This upward
phase propagation implies downward energy propagation. Since there was strong
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near-intertial motion in the surface layer during this phase (Hayes and Halpern,
1976), the near-inertial motion in the interior probably originated from nearsurface.
b. The peak phase (12 through 14 July). During the peak phase, there was a dramatic reduction of the BP variance at mid-depths (Fig. 4). The internal tidal energy
was reduced by an order of magnitude. Nearsurface, the energy of semidiurnal and
inertial motions was also significantly reduced (Hayes and Halpern, 1976).
Since the stratification over the shelfbreak did not vary much during the wind
event, a significant variation in the source strength for the internal tides was unlikely. Thus, most of the internal tidal energy was dissipated on the mid- and outershelf during the peak phase; in contrast, the bulk of this energy was dissipated
nearshore during the spin-up phase.
The decrease of the internal tidal energy could be the result of increased dissipation in the well-mixed region. When the frontal layer surfaced during the peak
phase, the mid-shelf water was relatively homogeneous; the density stratification
was reduced by a factor of two. Reduced density stratification together with the
large vertical shears of the geostrophic and surface Ekman flow could significantly
reduce the Richardson numbers. Evidence for shear instability; i.e., near-critical
Richardson numbers, in the surface mixed layer was found during the peak phase
(Halpern, 1976). Thus, increased dissipation may have occurred near the frontal
layer (particularly nearsurface) during the peak phase. Compared to a situation
with level isopycnals, an inclined density front tends to decrease the wavelength of
shoreward, upward beams of energy (Mooers, 1975). Due to this effect, most of the
shoreward, upward beams of energy would have experienced bottom reflection on
the outer shelf before they reached the mid-shelf during the peak phase (Hayes and
Halpern, 1976). Consequently, increased bottom dissipation of internal tides on the
outer shelf may have occurred during the peak phase, which would, of course, also
reduce the onshore energy flux to the mid-shelf region.

c. The relaxation phase (15 through 17 July) . During the relaxation phase, the BP
variance increased at mid-depths at Station C (Fig. 4). The first two empirical
modes accounted for 59 and 21 % of the total variance, respectively.
Mode 1 was near-inertial motion (Fig. 7); it had large amplitude at mid-depths,
Table 5. Its amplitude diminished rapidly toward the bottom and the surface, and
it had upward phase propagation at mid-depths, with a speed of about 0 .1 cm/ s, or,
a vertical wavelength of 60m. Large near-inertial motions at mid-depths, with similar phase characteristics, were also found in late August, 1973 (Johnson et al.,
1976).
Since Mode 1 had small amplitude near the surface, the large near-inertial motion
at mid-depths was probably not generated locally at the surface during this phase.
Instead, it may have been generated by the surface disturbance during the earlier
spin-up phase. To estimate the seaward and downward group speed for near-
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Figure 7. The MEM power spectra of the first two complex empirical modes for the relaxation phase. (Note: power is in relative units).

inertial motions from Mooers (1975), the effects of horizontal shear in the alongshore flow are neglected and the following parameters are used :
<r (wave frequency):::::: 0.061 cph (3% higher than the inertial frequency ; Fig. 7),
f (inertial frequency) :::::: 0.059 cph,
N 2 (vertical density stratification) :::::: 3 x 1Q- 4s- 2 ,
M 2 (horizontal density stratification) ~ - 5 x 10 - 1s-2, and
>. <z> (vertical wavelength) :::::: 60m. Hence,
A<w> (horizontal wavelength) :::::: >. <z>
:::::: 15 km, and

Cg <z> (vertical group speed) ::::::

- N 2(A (Z)) 2 ( A(z)

27T<rA (a:)

>. ( a: )

_

M 2)

N2

:::::: 0.02 cm/ s, or, 17m/ day.
Thus, a near-inertial disturbance would take about 3 days to arrive at mid-depths
from the surface, consistent with the suggestion that the near-inertial motion at middepths during the relaxation phase was generated nearsurface during the spin-up
phase.
Table 5. The amplitude and phase distributions of the first two complex empirical modes for
the relaxation phase, Station C.
Depth (m)
20
40
60
80
95

Amplitude (cm /s)
Mode2
Mode 1

Phase (degrees)
Mode2
Mode 1

3.3
14.9
12.4
2.1
0.0

-109
161
50
-13
0

7.8
5.7
5.2
3.2
2.6

34
100
154
-142
180
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Figure 8. Time series of the instantaneous squared vertical shears between 40 and 60m during
the relaxation phase. (The estimated static stability (N2) is marked with a dashed line).

There were large vertical shears due to the near-inertial motion at mid-dep~s.
The r.m.s vertical shear between 40 and 60m was 1.1 x 10- 2s- 1 , which was larger
than the mean shear (0.4 x 10- 2 s- 1 ). At mid-depths (below the frontal layer), N 2
was about 2 x 1Q- 4 s- 2 • Hence, the total instantaneous, squared velocity shears
were larger than N 2 during the peak of each inertial burst (Fig. 8), which implies
shear instability. Thus, the interior was dissipative during the relaxation phase.
Mode 2 was semidiurnal motion (Fig. 7); it had downward phase propagation
(or, upward energy propagation). This is a major change from the spin-up phase
when the semidiurnal motion was a vertical mode at Station C. Also, the energy of
the internal tide was reduced by a factor of four during the relaxation phase compared to the spin-up phase. Thus, during the relaxation phase, interior dissipation of
the internal tide was likely, presumably due to the shear instability induced by large
near-inertial motions.

4. Water mass variations
The variations in water mass properties through the wind event are examined for
further evidence of mixing and dissipation processes. Since salinity increased monotonically with depth and was the dominant influence on the interior density stratification, isotherms and level surfaces are contoured in a salinity v. offshore distance
diagram to identify the water mass properties (Fig. 9). For salinities greater than
33.7%0, there was essentially a single water mass (bottom water) (Fig. 9a), before
the upwelling event (9 to 10 July). Temperature generally increased with decreasing
salinity. However, between 13 and 26 km offshore, water at mid-depths was
anomalously cool. The temperatures were less than 7.4C over a large salinity range,
32.8 to 33.6%0 (0-1 : 25.8 to 26.2). In particular, the water was coldest at 18 km
offshore for salinities near 33 .2%0.
The anomalously cool water was found in the previous (1972) upwelling season,
and was labeled the "cool ribbon" (Huyer and Smith, 1974). Based on the coincidence of the core of the "cool ribbon" and the axis of the southward coastal jet,
the "cool ribbon" was apparently advected from the north. Because there was no
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local source for the "cool ribbon," according to Huyer and Smith (1974), it was
undoubtedly a large scale feature.
During the peak of the upwelling event (12 to 13 July), the core of the "cool
ribbon" moved seaward from about 18 to 26 km offshore, and downward from
about 50 to 60m (Fig. 9b). The seaward displacement of the "cool ribbon" was
equivalent to an offshore flow of about 4 cm/ s during the peak phase, while the
flow inshore of the "cool ribbon," at Station C, was shoreward (Fig. 2) at a comparable depth (50 to 60m).
Since the "cool ribbon" was located at the base of the frontal layer, at mid-shelf
the cross-shelf flow was onshore and upward well below this layer, and offshore
and downward over the outer shelf in the lower portion of the layer. Thus, during
the peak phase, a counterclockwise (when viewed poleward) rotating cell in the
lower-level cross-shelf circulation over the outer-shelf was suggested, similar to the
lower-cell circulation indicated in Mooers et al. (1976) for the mean upwelling
conditions.
During the relaxation phase (16 to 17 July), the "cool ribbon" returned to 18 km
offshore (Fig. 9c). However, compared to the spin-up phase, the water was relatively
warm on the inner shelf in the salinity range of 33.4 to 33 .7%0 (Fig. 10). Also, there
was a downward, warm intrusion at 20 km offshore which cut through the "cool
ribbon."
From comparison of the T-S diagrams (Fig. 10) before and after the upwelling
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peak, a warm anomaly developed on the inner shelf. Before the upwelling event,
temperature was relatively constant (7.2 to 7.5C) between the 26.0 and 26.4 isopycnals; i.e., below the density front and above the bottom water (Fig. lla). After
the upwelling peak, a warm anomaly, whose temperatures at some locations exceeded 8C, was found in the same density range (Fig. 11 b).
This recurrent warm anomaly has been hypothesized to be due to the surface
warming and freshening of the upwelled bottom water (Mooers et al. , 1976). Presumably it was formed shoreward of the density front where the bottom water was
exposed to surface influences (heating and mixing with (warm and fresh) offshore
upper layer water). The warm anomaly was confined to a nearshore zone of 13 km
width (Fig. 10), which is consistent with the surface intersection of the frontal layer
being found no further offshore than about 13 km from the coast during the upwelling event (Halpern, 1976).

5. Discussion
During the wind event, evidence for significant mixing and dissipation was found
in the upwelling zone. For example, large modulations of the sernidiurnal internal
tidal and near-inertial motions were noted. The internal tides were probably generated from the scattering of surface tides near the shelfbreak. They propagated
onshore, and were presumably dissipated on the shelf. Evidence for bottom dissipation of internal tides was found at Station A (located 3 km offshore) during the
spin-up phase. Assuming two-dimensional (in a cross-shelf vertical plane) motion
with constant density stratification, the energy flux was crudely modeled. The dissipation rate in the bottom mixed layer (~ 1Om thick) at Station A was about 5 X
10- 3 erg/ cm3 / s. For comparison, the bottom dissipation rate for a mean current of
10 cm/ s is about 2 x 10-s erg/ cm3 / s (Kundu, 1976). Thus, significant bottom
mixing on the inner shelf can be induced by the internal tides.
Determination of the interior dissipation rate is difficult, because of the low
spatial resolution of the experiment. However, with the assumption that the internal
tide propagated onshore at Station C during the spin-up phase, the input energy flux
is estimated to have been about 120 erg/ cm 2 / s. The total energy flux across Station
C (water depth of about 100m) was about 12 Watt/ m of shoreline, which is comparable to the estimated generation rate of 6 Watt/ m on the continental slope
(Wunsch, 1976). As the input energy flux would be dissipated in the zone(~ 10 km
wide) shoreward of Station C, the mean dissipation rate was about 0.1 x 10- 3
erg/ cm 3 / s.
A large fraction of the internal tidal energy was presumably dissipated in the
bottom layer. In addition, part of the energy may have been dissipated in the interior
or transferred to the mean fl.ow. Mooers et al. (1976) suggested that the rate of
kinetic energy transfer from inertial-internal waves to the mean fl.ow was about 0.1
x 10- 3 erg/ cm 3 / s, consistent with the above flux estimate.
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During the peak phase, evidence for increased dissipation in the surface mixed
layer was found (Halpern, 1976). The internal tide at Station C was relatively weak,
suggesting that significant dissipation/ mixing occurred over the mid- and outer~helf. Assuming the energy source for internal tides remained roughly constant, the
mput energy flux of 120 erg/ cm 2 / s must have been dissipated in the surface and
bottom layers and on the seaward side of the upwelling zone.
The rate of turbulent kinetic energy production in the surface layer due to the
wind stress, estimated from H alpern (1976), was about 100 erg/ cm 2 /s. Thus, the
energy flux due to internal tides was comparable to that due to wind-stirring.
Mooers, et al. (1976) concluded that the frontal layer was an intensive mixing zone;
in that study, the turbulent energy flux was mainly due to the internal tides.
The inertial motion is mainly generated by the wind in the surface layer (Pollard
and Millard, (1970)). Most of the inertial energy is trapped in the surface layer,
and it is an important source for nearsurface mixing (Pollard, et al. (1973)). Downward radiation of near-inertial energy was found during the spin-up and relaxation
phases. At Station C, during the relaxation phase, the vertical energy flux for nearinertial motion was about 1.5 erg/cm 2 /s at mid-depths, which was similar to that
found in Kundu (1976) .
Large vertical shears were associated with the near-inertial motion at mid-depths,
which is conducive for shear instability in the interior. Thus, increased dissipation
in the interor may be induced by the near-inertial energy radiated away from the
surface. Johnson, et al. (1976) reached a similar conclusion for a study in late
August, 1973.
Wind stress, surface heating, internal tides, and near-inertial motions appear to
be the major sources for the turbulent kinetic energy and buoyancy fluxes. The
effect of wind-stirring and surface heating can be modeled by the turbulent entrainment process, as was done in an upwelling simulation model for a two-celled crossshelf circulation (Thompson, 1974).
Kundu (1976) applied the Pollard and Millard (1970) model for the wind generation of inertial motion in the surface layer to the 1973 Oregon coastal upwelling
study and obtained reasonable agreement with surface layer measurements. Below
the mixed layer, the propagation of near-inertial motion appears to be consistent
with ray theory. However, because the radiation condition at the base of the mixed
layer has not been documented, present modeling of the near-inertial energy flux in
the interior is incomplete.
The generation of the internal tide over "critical" slopes; i.e., where rays are
tangential to the bottom, bas not yet been fully modeled (Wunsch, 1976); dissipation in the bottom layer appears to be an important mechanism neglected in models.
In the present study, the flux of internal tidal energy was quite variable, presumably
due to changes in the density field , alongshore current, and dissipation. Since variations in the inertial-internal wave propagation properties are caused by atmospheric
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forcing during a wind event, mixing in the upwelling zone can be affected both
directly by near-inertial motions generated by the variable wind stress, and indirectly
by the changes in energy flux of internal tides due to changes in propagation parameters caused by upwelling. Thus, a better understanding of relaxation mechanisms
for the coastal upwelling circulation requires, in particular, an improved knowledge
of the generation, propagation, and dissipation of internal tides and near-inertial
motions on the continental shelf.
In summary, the following sequence has emerged from this case study of a strong
upwelling event:
(i) during the spin-up phase, the onshore flux of semidiurnal internal tidal energy
was dissipated in the bottom boundary layer on the inner-shelf, and the nearinertial motion was largely confined to the surface mixed layer;
(ii) at the peak of the upwelling event, the internal tidal energy was dissipated in
the bottom boundary layer on the outer shelf and within the frontal layer,
and the near-inertial motion began to radiate from the surface mixed layer;
and
(iii) during the relaxation phase, the near-inertial motion induced shear instability
at mid-depths on the mid-shelf, enhancing the dissipation of internal tidal
energy in the frontal layer.
While this inertial-internal wave sequence progressed, a warm anomaly developed
on the inshore side of the frontal layer. The sinking of this anomaly during the relaxation phase may have been due to convective overturning at the surface front,
but it may have also been driven by the internal frictional stress in the frontal layer.
The fact that the sequence and pattern of subsurface cool and warm anomalies
recur through the upwelling seasons suggests that internal mixing relaxes the warm,
and to some extent the cool, anomalies between upwelling events.
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