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This paper presents observations of a dynamic minifilament and summarizes the findings of 
three microstructure surveys across and within the meandering current structures of the Coastal 
Transition Zone (CTZ). An actively turbulent minifilament is discussed and possible consequences 
of the small-scale processes with regard to frontal dynamics are examined. Four different frontal 
structures were observed as part of the CTZ microstructure program, two resembling meanders 
and two characterized as filaments. Microstructure measurements included continuous rapid sam- 
pling vertical profiler (RSVP) (Caldwell et al., 19S5) and acoustic Doppler current profiles (ADCP) 
profiling along meridional lines bisecting the frontal features. Common features of the two mean- 
ders observed in 1986: (Mourn et al., 1988) and 1987: (Dewey and Mourn, 1990) include offshore 
and onshore flow patterns (consistent with meridional sections through meanders), rapid temporal 
evolution of the frontal structures between consecutive (10-24 hour) transects, no elevated tur- 
bulent activity below the pycnocline, despite the enhanced current shears (quiescent core within 
central region where pycnocline is near surface), and approximate geostrophy of the dominant cur- 
rents at scales > 10 kin. A large filament, or jetlike feature observed in 1988 (Dewey et al., 1991) 
was characterized by off-shore geostrophic flow, no enhanced turbulent activity, and significant 
asymmetry in the temperature, salinity and current fields, with stronger vorticity on the south 
(upwelled) side of the velocity maximum. An actively turbulent minifilament was also observed 
in 1988, and exhibited some characteristics not common to the larger meanders or filaments. A 
strongly divergent velocity signature was confined to the near-surface layer (< 60 m), with a cool, 
uplifted core, possibly a result of localized upwelling and subsurface turbulent mixing. Below the 
surface mixed layer, elevated turbulent dissipation rates were coincident with regions of high shear 
and correspondingly low Ri. However, the buoyancy flux from turbulent mixing was estimated to 
be too low to have formed the cool surface signature of the minifilament. The estimated Rossby 
number (R0 - 1.3) for the minifilament suggests that significant departures from geostrophy are 
likely. However, due to the limited temporal and zonal resolution of the minifilament, no defin- 
itive ageostrophic analysis can be performed. Corresponding satellite images indicate that the 
observed structure, although narrow (10 kin), may be as long as 100 kin, be evolving over periods 
of days, and a common submesoscale feature in the swirling patterns revealed by advenced very 
high resolution radiometer (AVHRR). 

INTRODUCTION 

During spring and early summer (April-July) the pre- 
vailing alongshore winds induce coastal upwelling along 
the Oregon and northern California coasts, resulting in 
anomalously cool (/•T ~ 20 C), saline (/•S ~ 20/00) water 
over the continental shelf. Satellite images show large,.cool 
features extending offshore beyond the shelf break, often 
hundreds of kilometers seaward of the upwelling region [e.g., 
Bernstein et al., 1977i Ikeda and Emery, 1984; Flament et 
al., 1985; Strub et al., 1991]. It is believed these features 
play a crucial role in the exchange of p.roperties (e.g. mass, 
momentum) across the transition zone, the region between 
the near-shore upwelling area and the open ocean [Moores 
and Robinson, 1984; Brink and Cowles, 1991; Strub et al., 

The Coastal Transition Zone (CTZ) was a multidis- 
ciplinary program [Brink and Cowles, 1991] focussed on 
investigating the offshore extent of the upwelling region 
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west of California. One characteristic of interest was 

the role of smMl-scale processes on the structures and 
dynamics of these coastal fronts. Sequences of satellite 
images [Flarecut et al., 1985; Hood et al., 1990] indicate 
that the surface signatures of the fronts and filaments 
evolve continnously, suggesting that persistent mesoscale 
and submesoscale processes may be important. 

The scale and resolution of the CTZ microstructure 

measurements (1 km) have revealed [Mourn et al., 1988; 
Dewey et al., 1991] important dynamical and structural 
characteristics not evident in the widely spaced (20 km) 
hydrographic surveys [Huyer et al., 1991]. However, the 
turbulence measurements from the CTZ area have indicated 

that, in general, no elevated turbulent activity accompanies 
the larger, dominant jets and filaments. The vertical shear 
within the frontal regions, although enhanced, does not 
seem to be sufficiently strong to overpower the stratification 
and generate mixing more intense than is common in the 
area (away from the fronts). Consequently, estimates 
of the diffusion of momentum and buoyancy suggest no 
significant influence of small-scale processes with respect to 
the fundamental dynamics of the filaments [Dewey et al., 
1991]. These general findings were contradicted by a small 
portion of the microstructure measurements made across 
a narrow, dynamic feature which did contain elevated 
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turbulent levels. This actively mixing minifilament will be 
the focus of this!Paper. 

As part of the CTZ investigations, microstructure obser- 
vations were made during oceanographic cruises in 1986, 
1987 and 1988. These observations included transects of 

rapid sampling vertical profiler (RSVP) [Caldwell et al., 
1985] temperature, salinity, and the turbulent dissipation 
rate, and acoustic Doppler current profiles (ADCP) of 
horizontal velocity. Mourn et al. [1988] (hereafter re- 
ferred to as MCS) discuss meridional sections through a 
1986 meanderlike, cold-core feature west of Cape Blanco 
(O•o.). V,•,y •,d a4o,m [1•0] (h•ft• •f•,•a to 
as DM) discuss three transects through a 1987 meander 
west of Point Arena (California) and investigate possible 
•frontal enhancement processes associated with wind-driven 
buoyancy flux at the base of the surface mixed payer. 
Dewey et al. [1991] (hereafter referred to as DMPCP) 
discuss the mean structure and dynamics revealed by 13 
repeated sections made in 1988 across a large filament west 
of Point Reyes (California). 

The CTZ microstructure surveys consisted of transects 
across the upwelled fronts after they had separated (150 
km) from the coastal region. The two meander-ike features 
observed in August 1986 (MCS) and June 1987 (DM) were 
characterized by the following. 

1. Cool, saline cores, with isopycnals raised approxi- 
mately 80 m from both the north and south. 

2. Stronger and deeper currents within the northern, 
offshore portions of the meanders, resulting in a net 
transport (1 to 4 Sv) offshore. 

3. Geostrophic flow at scales > 10 km 
4. intrusive temperature and salinity signatures within 

the frontal regions. 
5. No evidence of elevated turbulent activity associated 

with the high shear regions of the offshore/onshore 
currents. 

The large filament observed in 1988 (DMPCP) resembled 
a single-sided front, with little or no return flow (eastward). 
The main characteristics of this filament include the 

following. 

1. Cool, saline front, with isopycnals raised 100 m from 
the north. 

2. High degree of geostrophy in the across-jet coordinate, 
significant ageostrophic dynamics in the along jet 
coordinate. 

3. Low turbulent dissipation rates below the pycnocline. 
4. Asymmetrical vorticity, with stronger relative vorticity 

on the southern side of the velocity maximum (+0.25f, 
--0.16f). 

5. Mean vertical velocities within the front on the order 

of 30 m/d. 
In general, the large persistent frontal structures ob- 

served during the CTZ experiment revealed no coincident 
turbulent activity. Large dissipation rates were confined to 
the surface mixed/mixing layer, and were well correlated 
with the instantaneous wind stress (DM). Current shears,. 
although enhanced within the frontal "jets", were accom- 
panied by strong stratification. Investigation of the frontal 
dynamics (DMPCP) suggest quasi-geostrophic processes, 
with little contribution from small scMe dispersion. 

However, during the last northward microstructure tran- 
sect of the 1988 cruise, an interesting feature was observed 

with hydrographic, turbulent and current signatures dis- 
tinctly different from the larger filaments and meanders' 
analyzed by MCS, DM, and DMPCP. This minifilament is 
analyzed here with the goal of identifying the possible pro- 
cesses responsible for the formation, maintenance and/or 
evolution of the complicated tendril structures found within 
the CTZ. 

INSTRUMENTATION AND SAMPLING METHODS 

The methods and microstructure observations discussed 

here have been presented in detail by MCS, DM and DM- 
PCP. The primary observations consist of closely spaced 
(,-.1 km) microstructure profiles (T, S, at and e, the 
turbulent dissipation rate) obtained using the RSVP, and 
horizontal velocities profiles (U and V) measured with 
an ADCP. The dissipation rates (e) were calculated from 
small scale vertical shear [(Ou/Oz) 2 and (Ov/Oz)2], with 
an approximate noise level of 10 -9 W kg -1. Additional 
measurements made during each cruise included the wind 
speed and direction, air temperature, humidity and insola- 
tion. A number of navigation systems were used, primarily 
Loran-C and intermittent satellite global positioning system 
(GPS). During the main CTZ microstructure cruise (July 
2-23, 1988), 13 transects consisting of 1900 profiles were 
made between 37ø23'N, 124ø23'W and 38ø57'N, 125ø32'W 

For interpretation of the following results and discussion, 
the nature and uncertainty of the various measurements 
and calculated quantities will be characterized. Turbulent 
dissipation rate estimates from the CTZ area ranged from 
upper estimates of 10 -6 W kg-•in the surface wind 
mixed layer, down to an effective "noise" level of ,-, 10 -9 
W kg -•. Uncertainty in the individual 2.5-m vertically 
averaged ( estimates is of the order 50%, were the error 
contributions come from variations in the profiler f•.11 speed, 
vibration noise transmitted via the tethering cable and the 
assumption of turbulent isotropy [Mourn and Lueck, 1985]. 
Quantities calculated from the dissipation rate estimates 
are, at best, accurate to only 50%. Such estimates, 
however, often provide the necessary insight into dynamical 
processes that •.11ow one to formulate a new, or reject an 
old, hypothesis. Uncertainties in the ADCP data result in 
errors of the order 4-5 cm s -1, a consequence of sample 
averaging, ship motion, navigation and vertical resolution 
in high shear zones [Kosro, 1985]. Vorticity, cMculated from 
horizontal gradients in the ADCP velocities, is estimated 
to be accurate to within 25%, due to compounded errors 
in both navigation and the ADCP velocities. 

STRUCTURE OF A MINIFILAMENT 

We present first a description of the minifilament 
features observed, and follow with some simple analytical 
interpretations. While completing the final northward 
transect of the 1988 microstructure cruise, an actively 
turbulent minifilament was crossed. A towed thermistor 

chain had just been recovered and in order to increase the 
spatial resolution of the RSVP and ADCP profiles, ship 
speed was reduced from 4 to 2 m s-1. The minifilament was 
characterized by a sharp meridional divergence in surface 
currents, a rapid drop in the surface temperature and a 
rise in the surface salinity. Elevated turbulent activity was 
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also recorded within a central, high shear zone. The cool, 
saline core was only 10 km across, after which the ship 
re-entered warmer, freshet water. This feature is referred 
to as a minifilament because of its narrow, cool surface 
signature and its jetlike velocity structure. 

Shown in Figure I is an AVHRR satellite image of 
the CTZ region taken on July 23, 1988. Although cloud 
cover inhibits inspection of the southern portion of the 
microstructure transect, the S-shaped minifilament crossed 
during the last transect can be identified. Shown in Figure 
2 is a blow up of the same image for the region bounded by 
(124øW and a7.•øN) and (125.6øW and 39.0øN). The ship 
track is indicated. The minifilament is the NW "wisp" in 
Figure 2, representing a thin tendril of cool surface water, 
approximately 100 km long and 8-10 km across. 

Shown in Figure 3 are the measured temperatur• (T), 
salinity ($), at, and normal velocity U through the 
minifilament , as resolved by the RSVP and ADCP data 
collected from south (left) to north (right), early on July 
23, 1988. (The convention of north to the right predates 
the authors involvement in CTZ studies.) Velocity vectors 
U and V have been rotated through 30 o from north, into 

components along and perpendicular to the 1988 transects 
(Figure 2). For this 28 km portion (Figure a) of the full 
transect (90 km), the flow was generally offshore (negative 
U), driven by the dynamic height associated with a broad 
slope in the pycnocline (e.g. slope of at = 25.2 in Figure 3). 
This broad frontal region was predominantly characterized 
by cool, sahne water to the south and warmer, freshet 
water to the north. The minifilament is identified by the 
cool surface outcropping and enhanced offshore velocities, 
both centered near 38.33øN (Figure 3). The core of 
the minifilament is bounded to the north and south by 
warmer (15øC) and fresher (32.5 rsu) water. An enhanced 
offshore velocity jet associated with the minifilament (peak 
U---70 cm s -1) is confined to the upper 60 m. Note 
also that the thermocline is shallower (40 m depth at south 
end, and 80 m depth at north end) than the halocline (90 
m south and 120 m north). Each isocline has a thickness 
of approximately 50 m, resulting in a pycnocline covering 
some 100 m in depth. 

The horizontal gradients across the minifilament were 
the largest recorded by the RSVP/ADCP sampling during 
,the CTZ program. Near surface, horizontal differences 
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Fig. 1. AVHRR image from July 23, 1988, over the Coastal Transition Zone study area west of California. 
Central portion expanded in Figure 2. 
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Fig. 2. Expanded portion of stone AVHRR July 23, 1988, image 
of Figure 1. The "wisp"-like mi•tifilmnent is evident to the NW, 
and the microstructure cruise track is indicated. 

(Sy _• 2 km) across the south side of the feature were as 
large as •T _• 2.4øC, 55 _• 0.3psu, •at -• 0.7 kg m-3and 
5U _• 30 cm s -1. These strong horizontal gradients were 
confined to the upper 50 m of the water column; at depth, 
the horizontal gradients were weaker and comparable to the 
gradients observed across the larger CTZ filaments (DM 
and DMP CP). 

Shown in Figure 4 are the properties (T, $, at, log10(e), 
and U) measured at 15, 30 and 80 m depth across the 
minifilament. The temperature and salinity values have 
been scaled to reveal relative contributions to density. 
The bottom panel shows the ADCP measured velocity 
perpendicular to the transect (U) and the Latitude of 
each RSVP profile. Temperatures increase and salinities 
decrease towards the north, except for the inversion at 
38.33øN associated with the minifilament. The velocity 
data show that the cool, saline core of the minifilament 
corresponds with a significant increase in the offshore flow 
(70 cm s -1). Several other significant features are revealed 
by comparing the properties at various depths. 

Within the surface layer (Figure 4a), the variation 
of density from south to north is uniform, however, 
the horizontal density gradient is dominated by a sharp 
salinity gradient between 38.18øN and 38.21øN, and a 
broad temperature gradient between 38.21øN and 38.30 N. 
Below the surface layer (z = 30 m, Figure 4b), all 
horizontal gradients between 38.21øN and 38.3øN, in 
particular temperature and density, are gone. The salinity 
gradient at the south end (38.2øN) is enhanced and the 
cool, saline core of the minifilament is no longer evident. 
At 30-m depth, the turbulent dissipation rates are locally 
enhanced (Figure 4b), approximately 2 orders of magnitude 
larger within the core region of the minifilament (38.33øN), 

than to the north and south. (An increase in ½ at the 
northern extremity is attributed to a deep wind driven 
mixed layer penetrating to 30 m.) The U velocity structure 
at 30-m depth still reveals a weakly enhanced offshore 
flow (60 cm s-l). At 80-m depth (Figure 4c), the only 
significant structure is the broad front (in T, $ and at), 
which contributes to the surface dynamic height responsible 
for the minifilament velocity structure (Figure 4a). 

Based on the resolved component of the minifilament 
(perhaps not the narrowest section of the feature, Figure 
2), the Rossby number is approximately U/fL _• 1.3, 
indicating the potential for the increased importance of cy- 
clostrophic and nonlinear accelerations relative to Coriolis. 
Calculating the geopotential anomaly for this minifilament 
indicates that as much as ~ 80% of the zonal U (cross- 
transect) current variance above 150 m is explained by 
the scaled meridional pressure gradient [-(1//po)OP/Oy]. 
To estimate ageostrophic contributions, such as the ac- 
tual acceleration (OU/Ot), persistent contributions from 
cyclostrophic (advective) accelerations (i.e., VOU/Oy), and 
temporally stable geostrophic contributions (i.e. (fa) and 
(-(1/fpo)OP/Oy)), time resolved observations are essential 
(DMPCP). A simple balance between the instantaneous 
(synoptic) Coriolis acceleration (fU) and the meridional 
pressure gradient [-(1/p)(OP/Oy)] is insufficient to de- 
termine the true geostrophic nature of the flow. The 
requirements for geostrophy are that the time scale of 
•he flow be long compared to an inertial period and that 
nonlinear dynamics play only a secondary role. Therefore, 
although the minifilament appears to be in near geostrophic 
balance, the scale of the flow and the lack of temporal data 
negate a complete interpretation of the dynamics. 

In addition to the enhanced offshore flow, the ADCP 
data revealed a meridional divergence at the southern edge 
of the front (Figure 5, note that north is toward the upper 
left for the vector plot only, which can be rotated for 
alignment with the AVHRR imagery). This near-surface 
divergence has implications with regard to the formation 
and/or evolution of the cool surface signature. Flow on 
the south side of the front (38.29øN) is directed due south, 
while on the north side (38.35øN), and within the filament 
(38.33øN), the flow is more westward. Strong shears (both 
horizontal and vertical) are confined to the near-surface 
flow (< 50 m), and by 59-m depth there is little variation 
in velocity associated with the minifilament. Three regions 
of shear near the minifilament justify closer inspection; 
two horizontal (meridional) shear zones associated with 
variations in V and U, and one vertical shear zone below 
the surface jet. 

Estimates of the meridional divergence (OV/Oy) reveal a 
region of strong divergence (OV/Oy _• 2 x 10-•s -1) within 
the core region of the minifilament (Figure 6: 38.3øN, 
z = 40 m). A convergent zone is revealed on the north 
side of the minifilament (38.35øN). Lack of zonal measure- 
ments nullifies an estimate of the full continuity; however, 
if we assume minimal zonal convergence (OU/Ox), the 
necessary near-surface (z = 40 m) vertical velocity ac- 
companying the meridional divergence/convergence regions 
(OV/Oy =-OW/Oz) are W40 • ,70 m/d. Although most 
likely overestimates, these implied upwelling/downwelling 
velocities may be able to partially explain the formation of 
the minifilament. 

The resolved component of the relative vorticity 
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Fig. 3. Cornours of the RSVP (a) te,nperature, (b) salinity, (c) •rt, aa•d (d) ADCP velocity U perpendicular 
to transect. The largescale frontal structure (increasing temperatures and decreasing salinJties to the north) is 
interrupted by a narrow (10 kin), shallow (< 40 m) minifilament at 38.33øN. 
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(-OU/O•t) on the south side of the minifilament is 1.3f, 
while on the north side, the vorticity is -0.3f. This 
asymmetrical vorticity structure is consistent with other 
CTZ meander and filament observations [DMPCP; Hunter' 
et al., 1991; Strub et al., 1991]. Asymmetry in the vorticity 
field near fronts is predicted by it Hoskins [1974, 1982], 
where baroclinic instabilities in the potential vorticity (pro- 
portional to [1/(f + C)]) tend to diffuse momentum (shear) 
away from regions of strong negative (in the northern 
hemisphere) relative vorticity ((). The result of such 
mechanisms is a weakening or spreading of shear on the 

(a) 

negative vorticity side of a front. 
Vertical shear below the core of the offshore velocity jet' 

is [(OU/Oz) :2 + (OV/Oz):2] 1/:• __. 0.015 s -1. Corresponding' 
dissipation rates increase significantly below the surface 
velocity jet. We therefore examine the possibility that the 
velocity shear may be sufficient to become unstable, over- 
turning the stratification and causing turbulent mixing. 

SUBSUB. FACE MIXING: Low Ri- HIGH 

The RSVP and ADCP data suggest a region of active 
shear instability below the velocity jet associated with the 
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Fig. 4a. The temperature, salinity, at, ½ and U values at a of depth 15 m. The minifilament core is located at 
Latitude 38.33 ø . 
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Fig. 4b. The temperature, salinity, at, ½ and U values at a depth of 30 m. The minifilament core is located at 
Latitude 38.33 ø . 
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Fig. 4c. The temperature, salinity, •rt, e and U values at a depth of 80 m. The minifi]mnent core is located at 
Latitude 38.33 ø. 
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Fig. 5. Five minute averaged ADCP velocity vectors across the minifilament region. Note that north is to the 
left in this figure only. The minifilament is centered near the offshore velocity maximum at 38.32 ø . 
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Contours of the scaled meridional shear (OV/Oy)(1/]). The core of the •niniftlament is centered near 

minifilament. One indicator of local flow instability, the 
gradient Richardson number Ri, nondimensionally paxame- 
terizes the stabihzing influence of density stratification and 
the destabihzing influence of velocity shear. Consequently, 
regions of low Ri are expected to have a higher probabihty 
of being turbulent than regions of large Ri. We choose 
to emphasize that the conditions are only more favorable 
for turbulence in regions of low Ri. Our measurements 
indicate that low Ri is not a sufficient condition for elevated 
turbulence. 

The gradient Richardson number Ri is calculated as 

Ri = 
N 2 

((aula) + ' 

where N 2 =-(•I/p)Opo/OZ is the buoyancy frequency, •/ 
the gravitational acceleration, p the fluid density and the 
brackets indicate an appropriate temporal average. It can 
be shown [Miles 1961; Howard 1961] that a necessary, but 
not sufficient condition, for flow stability is Ri > 1/4. It 
has become common to assume that a critical Richardson 

number (perhaps = 1/4) may be a necessary condition 
of turbulence production. Ellison [1957] concludes that 
unstable flows are hkely to be intermittently turbulent, and 
that the gradients used to estimate Ri should represent 
time averages, in which case a range of turbulent conditions 
are possible at low Ri. However, coincident regions of low 
Ri and high • suggest local flow instability and turbulence 
production. 

The RSVP density measurements [p(z)] and the ADCP 
velocity estimates [U(z), V(z)] have been used to deter- 
mine (approximately) the local Ri, and the likelihood of 
flow stability. Simultaneous estimates of the turbulent 
dissipation rate (() from small-scale velocity shear variance 
indicate regions of active turbulence. This combination of 
dynamical parameters is necessary (and possibly sufficient) 
to interpret an unstable environment where a cascade of 
kinetic energy from the large-scale flow is being converted 
into turbulent kinetic energy at smaller scales. Once 
generated, the turbulence also acts to diffuse buoyancy, 
raising the potential energy of the water column. 

The RSVP measurements through the minifilament 
revealed two significant patches of elevated turbulent 
activity below the surface mixed layer, one under the 
velocity jet of the minifilament (35 m), between 38.31øN 
and 38.36øN, and a second under the warm pool of 
water south of the minifilament, between 38.25øN and 
38.30øN at 65m. Previous CTZ studies (MCS, DM, and 
DMPCP) indicate little evidence of enhanced turbulent 
dissipations below the surface mixing layer. Within the 
surface mixing layer the observed dissipation rates are 
approximately 4 x 10 -7 W kg-l(Figure 4a), in agreement 
with the depth-averaged dissipation rate for a mixing layer 
forced by the observed wind stress, ro = 0.16 N m -2 (DM). 
However, the two active turbulent patches observed near 
the minifilament axe significantly below the pycnocline, 
and not likely a result of wind forced mixing since the 
pycnocline acts to inhibit the penetration of turbulent 
stresses. 

HorizontMly averaged (representing ~ I hour) mi- 
crostructure (T, S, at and •) and stability indicator 
(N • ov • , (3'7') , Ri)profiles between 38.250-38.30N (south of 
minifilament, Figure 7) and 38.1ø-38.36øN (within the core 
of the minifilament, Figure 8), reveal coincident regions of 
relatively high ( and low Ri. Also shown is the average 
wind stress (in N m -2, top right corner), and the estimated 
(, profile for wind stress driven dissipations within a mixed 
(N2= 0) boundary layer (•, = u,3/O.41z). In Figure 7, 
the region of high ( (60 - 80 m) is coincident with a 
region of high shear and a corresponding minimum in the 
Ri (~ 1). The turbulent "patch" was approximately 20 
m thick. In Figure 8, the region of coincidentally high ½ 
and low Ri lies just below the pycnochne (peak in N2), 
between 25- and 50-m depth. The dissipation rates in this 
depth range are relatively high (( > (,) and it is unhkely 
the turbulence here was generated by the surface wind 
stress which will not typically penetrate the pycnodine. 
The exact coincidence of the peaks in ( and (OU/Oz) 2, with 
low Ri values are strong indicators that shear generated 
turbulence was observed. 

The duration of the turbulent activity cannot be deter- 
mined from this spatial section, so it is not possible to state 
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whether the observations represent mean or steady condi- 
tions. Within these advective filaments, repeated sections 
indicate that even significant structures can change rapidly, 
evolving over periods of hours (MCS). The large surface 
velocities associated with the fronts result in short resident 

times. Typical advection rates can be 50 km/d. Despite 
these complexities, estimates of the influence imparted by 
the turbulence on the mean flow and the velocity diver- 
gences on the filament structure can be made by assuming 
that similar conditions existed over some relatively long 
time scale (e.g., days). 

SMALL-SCALE INTEl{ACTIONS AND FI{ONTAL EVOLUTION 

Based on the physical conditions revealed by the mi- 
crostructure measurements (RSVP and ADCP), we will 

now attempt to identify possible mechanisms that may 
contribute to the creation or evolution of the minifilament. 

In order to estimate the processes altering the hydrography 
and/or the flow, we will attempt a number of "box" like 
balances. However, our data are for a meridional section 
only and the fluxes and gradients in the zonal direction 
(along-jet) have not been resolved. Therefore, we can only 
make upper limits and order-of-magnitude calculations to 
some of the contributions by assuming minimal net flux 
through the zonal (perpendicular) sides of our box. This 
is equivalent to assuming no flux divergence in the zonal 
direction. These estimates will however, provide valuable 
insight into the magnitude and possible importance of 
various microscale and finescale processes with regards to 
minifilament type structure. 
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Our box will encapsulate the cool core of the minifilament 
and the surface velocity jet (approximately 0 to 40 m depth 
and 38.25øN to 38.4øN Latitude). We will estimate 
the order of magnitude of the fluxes and time scales 
that may have contributed to the formation of the cool 
core of the minifilament. We have already noted that 
the meridional divergence/convergence, as revealed by the 
ADCP velocities, can be interpreted (with zero net zonal 
convergence) as a source of localized upwelling/downwelling 
(upper limit of [w[ _• 70 m/d). The turbulence frotile 
data suggest shear generated mixing below the pycnocline. 
Both of these processes imply vertical buoyancy flux. The 
observed cool, saline core of the minifilament leads us 

to believe that within the recent history of the feature, 
water has been advected/mixed upward, resulting in the 
filament-like surface signature (Figures 2 through 4). 

In order to evaluate the potential role of the observed 
turbulent mixing we will estimate the heat flux due to 
vertical mixing, the "heat" (enthalpy)deficiency associated 
with the core of the minifilament, and (the ratio of these 
•wo) the time that would have been required for the heat 
flux to form the observed cool core. The average heat, 
or more correctly enthalpy deficiency for the 20-m-thick 
surface layer representing the cool minifilament core can 
be approximated by 5s '" C'p(p]T1- poTo) =-5.2 x 106 
J m -3, where subscript I indicates values at 40 m and 
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subscript zero values at 20 m, and Cp = 4 x 10 -3 J (kg 
K) -1. In other words, the difference between a thermally 
uniform surface layer of 15øC and the 13.5øC layer observed 
represents an enthalpy deficiency of •s ~ -5.2 x 10 ½ J m -3. 

To estimate the heat flux due to turbulent mixing, 
we adopt a parameterization of scalar fluxes using eddy 
diffusivities. Following Osborn [1980], we approximate 
an upper limit to the turbulent diffusion coefficient for 
mass Kp _< (0.2•/N2), where the constant 0.2 is the result 
of a constant flux Richardson number (Ri! = 0.15) in a 
stratified steady state turbulent kinetic energy balance. 
The diffusion coefficient for other scalars (heat and salt) is 
likely to be similar to ik• [Phillips 1977]. 

The vertical heat flux due to turbulent exchange can be 
approximated by pep <wtTt> ~ pCpKpOT/Oz. Using the 
average dissipation rate and temperature profiles shown in 
Figure 8, the approximate heat flux into the upper 20 m is 
estimated to be -107 W m -2, where the effective diffusion 
coefficient is Kp ~ 4 x 10 --4 m2s-- ] and the temperature 
gradient at the base of the surface layer is -6.5 x 10 -2 
K m -!. For a layer 20 m thick, this corresponds to 
an average rate of heat loss per cubic meter of-5.35 
W m -3, or -0.11 K/d. Therefore, the cool core could 
have been formed by the observed turbulent mixing in 
(Ss/pCp (wtTt>) ~ 11¬ days, which represents a lower 
limit, since the estimated turbulent diffusion coefficient is 
likely an upper limit. Processes representing such long time 
scales are unlikely to be solely important in transforming 
the structure, considering the fact that advective currents 
are 50 km/day. This result imphes that, although the 
observed turbulent mixing is significantly elevated above 
the regional background level of activity, the effective heat 
flux is too small to have formed the cool anomalous core 

alone, although it may represent a maintaining influence. 
Conversely, we can project the magnitude of turbulent 

activity required to generate the cool core in a shorter, 
more realistic period, say 2 days. For the core to have 
been formed by mixing in 2 days, the average dissipation 
rate below the pycnocline would have to be of the order 
{•} = 10 -6 W kg -1 a factor of 10 larger than the observed 
mean dissipation rate; a possible instantaneous dissipation 
rate, but unlikely to be sustainable for long (days) periods. 

In addition to heat flux, the turbulence measurements 
can be used to estimate momentum flux at the base of the 

shallow surface jet. An estimate of the turbulent momen- 
tum flux can be made by assuming a simple energy balance 
between the rate of turbulent kinetic energy production 
through mean shear generation and the observed viscous 
dissipation rate. Assuming we can approximate a Reynolds 
stress by an eddy viscosity working on the mean shear, the 
simplest steady state turbulent kinetic energy balance is 

where Km is the vertical eddy viscosity. Simultaneous 
measurements of • and velocity, can then be used to 
approximate an upper value for Kin. 

The momentum flux divergence representing the effective 
acceleration induced by the turbulence on a horizontal flow 
component, say meridional (V), can be approximated by 
[Crawford, 1982; Gregg et al., 1985; Dillon et al., 1989] 

1 OVyz 1 0 po - poO (( p,(Ov/o) ) ouIo) + (OVlO) 
(2) 

where the meridional turbulent stress (momentum flux) is 
approximated by p (v'w') ~Km {OV/Oz}. Considering the 
subpycnocline turbulent "patch" presented in Figure 8; ql predicts surface layer accelerations of the order 3 x 0 
m s-2(_ 25 cm/s/d), or 10% of the Coriohs acceleration 
(fV) within the depth range 20 to 40 m. Although 
this momentum flux is relatively small (10% of Coriolis) 
and other ageostrophic terms (such as U(OV[Ox)) may 
act to simultaneously accelerate the flow, it represents the 
largest turbulent momentum flux measured during CTZ in 
association with a filament or meander. The cumulative 

effect of this turbulent momentum flux would be significant 
if similar turbulent flux activity were persistent over 
extended periods (i.e., days). 

Our data suggest that a more likely mechanism for the 
formation of the anomalous surface layer is locally forced 
upwelling. We can estimate the effective vertical velocity 
required to reduce the average enthalpy of the 20m surface 
layer by 5.2 x 106 J m -3 over N days (At) through effective 
vertical entrainment (heat flux •_ pCpwST). Substitution 
yields an entrainment velocity of 5s/pCpST _• 20/N m/d, 
or w ~ 20 m]d for 1-day formation, 10 m]d for 2-day 
formation. Within these dynamic fronts, vertical velocities 
of this magnitude are not unrealistic. 

Vertical entrainment can be a result of various mecha- 

nisms, a few of which will be considered here. The observed 
divergent meridional flow (Figure 5) must be compensated 
by a combination of zonal (positive OU/Ox) and/or vertical 
(positive OW/Oz) convergence(s). We've already seen that 
by assuming minimal zonal convergence, an upper limit on 
the vertical convergence from the surface to 40-m depth 
predicts a vertical velocity of 70 m]d. This is large, but 
of similar order to the persistent vertical velocities within 
the major fronts studied by DMPCP and Haidvogel et hi. 
[1991] (i.e., 20-50 m/day). 

The study of frontogenesis has long been of great interest 
to oceanographers and meteorologists Mike [Hoskins, 1982]. 
Most of the quasi-geostrophic frontogenetic models predict 
small ageostrophic perturbations that act to strengthen 
scalar gradients and vorticity in one region (warm side) 
of a pre-existing front, while simultaneously weakening 
gradients on the other (cool) side. Stronger, more rapid 
frontogenesis requires boundaries (i.e. coastal upwelling), 
or other significant sources of flow convergenceSdivergence 
or scalar deformation /Gill, 1982]. For the ocean, examples 
of such sources include horizontal variations of the surface 

wind stress [deSzeoke, 1980] or variations in the Ekman 
transport /Nillet, 1969]. The shipboard measurements 
presented here are not sufficient to resolve two-dimensional 
(2D) variations in the wind field or larger three-dimensional 
(3D) deformation processes. However, the orientation of 
the minifilament (Figure 2) and the persistent northerly 
winds during the microstructure survey suggest a closer 
examination of Nillet's [1969] theory is warranted. 

The theory outlined by Nillet [1969] describes a scheme 
consisting of divergences and convergences in the surface 
Ekman transport across an oceanic jet, and associated 
regions of upwelhng and downwelhng, respectively. When 
applied to the structure of the minifilament, we hypothesize 
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that this mechanism could provide the necessary localized 
upwelling and entrainment. Briefly, the wind driven Ekman 
transport given by r/(f + •) varies across a velocity jet due 
to changes in the relative vorticity ((). In particular, two 
regions of divergence can be established at the edges of the 
jet, the locations associated with the inflection points in ( 
(where ( becomes nonzero), and two regions of convergence 
at the interior inflection points (Figure 9). 

Winds during the minifilament transect were approxi- 
mately 10 m s-lfrom due north and the component of the 
mean wind stress acting perpendicular to the microstruc- 
ture transect (Figure 2), and therefore along the axis of the 
resolved "jet" was approximately 0.5 N m -2 (temporally 
averaged over the preceding 50 hours). The resulting 
Ekman transport across the minifilament is approximately 
5.6 X 103 kg m -1 S --1. The narrow velocity jet associated 
with the minifilament has approximate relative vortices of 
1.3f and -0.3f. The effective Ekman transports across 
the jet within these shear zones are then 2.4 x 103 kg 
m -1 s -1 across the positive (south) vorticity region, and 
7.9 x 103 kg m -1 s -1 across the negative (north) vorticity 
region (Figure 9). These variations in Ekman transport 
across the jet result in meridional convergent and diver- 
gent zones. The divergent zones are near the center of 
the jet, while the convergent zones are located along the 
outer edge of the jet. The Ekman divergent zones near 
the center of the jet (Figure 9) must, for continuity, be 
accompanied by horizontal (zonal) convergence (negative 
OU/Oz) and/or upwelling (positive OW/Oz). Similarly, the 
Ekman convergent zones near the edges of the jet must 
be accompanied by horizontal (zonal) convergence and/or 
downwelling. Other convergent/divergent mechanisms due 
to 3D deformation fields are possible and can result in 
significant upwelling and downwelling regions within shear 
zones. However, our data do not indicate the existence of, 
nor can it resolve, any large scale deformation. 

The AVHRR imagery (Figures 1 and 2) shows that 
the main axis of the minifilament is Migned in the 
north/south direction, parallel to the prevailing wind 
stress. The southern tail of the minifilament (Figure 
2), curls east/west and weakens. If the cross-jet Ekman 
divergence[convergence process [Niiler, 1969] represents 
the frontogenetic mechanism responsible for the surface 
outcropping of cool water, then one would expect, as the 
AVHRR images suggest, that the filament signature would 
be strongest in regions where the jet axis is parallel to the 
wind. 

If, for an order of magnitude calculation, we assume 
minimal zonal convergence, then an estimate of the effective 
upwelling velocity through the base of the Ekman layer can 
be calculated as result of the Ekman divergence (Figure 9). 
Within the 4.8 km wide positive vorticity side (south) of 
the jet, the flux through the base of the Ekman layer would 
be the difference between the meridional Ekman transport 
near the center of the jet (5.6 x 103 kg m -1 s -1) and 
the Ekman transport south of the jet (2.4 x 103 kg m -1 
s-i), •_ 3.2 x 103 kg m -1 s -1. With no zonal convergence, 
this translates to an average upwelling velocity of 60 m/d. 
Similarly, on the north side of the jet (approximately 7.7 km 
wide), the meridional Ekman divergence could represent an 
average upwelling velocity of 25 m/d. It is likely that some, 
and perhaps a significant amount of zonal convergence 
was occurring, and that the vertical entrainment has been 
overestimated. However, the similarity of the estimated 
upwelling velocities from the divergent (OV/Oy) ADCP 
data, and the divergent Ekman transport estimates, is 
encouraging. 

Vertical velocities are not easily measured or verified. 
DMPCP modify the technique of Bryden [1980] by consid- 
ering geostrophic flow along isopycnal surfaces, a technique 
similar to the beta spiral method [Pedlosky, 1979]. They 
calculate mean vertical velocities within the frontal region 
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< Ekman Motion 

< Transport Horizontal Vertical 
(x103 kg/ms) 

t .5.6 Wind 
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-• *• 7.9 
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Fig. 9. Diagram of hypothesized (approximate) jet structure and the effective Ekman transport across the jet 
due to an along jet wind stress and variations in the absolute vorticity. For CTZ 1988 transect 13, the mean wind 
stress component along the axis of the jet was 0.05 N m -2 . The meridional Ekman transport per •neter width due 
to planetary vorticity alone is then estimated to be 5.6 X 102 kg m -1 s -1 . Variations in the relative vorticity across 
the jet modify the Ekman transport and result in regions of meridional divergence and convergence. As a result, 
possible regions of zonal convergence and/or upwelling and zonal divergence and/or downwelling are distributed 
across the jet as shown. 
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of -4-20- 30 m/d. The calculations presented above suggest 
upward entrainment within the cool portion of the minifil- 
ament, which would act to maintain and/or enhance the 
surface signature of the filament structure. 

filament genesis consists of a combination of localized 
upwelling, driven by adjustments in the vorticity field 
(shear divergences such as Ekman dynamics) and diapycnal 
mixing, driven by the strong vertical shears. 

CONCLUSIONS 

The CTZ microstructure measurements suggest that 
small-scale turbulence plays only a minor role in the 
physics associated with the filament structures west of 
California. Since AVHRR imagery has indicated continual 
evolution of the mesoscale structures, it is hypothesized 
that dynamical influences at the submesoscale are most 
important with respect to the ageostrophic character of the 
filaments and meanders. These dynamics include processes 
such as the Ekman divergence and vorticity adjustments 
that dominate at scales of 1-10 km in the horizontal 

and 10-100 m in the vertical. The meridional transects 

conducted during the CTZ microstructure cruises revealed 
the 2D submesoscale structures, and hint at significant 
variability and influence of these scales. 

The closely spaced (1 km) microstructure measurements 
made in the Coastal Transition Zone identified a narrow 

minifilament with an anomalously cool core and turbulent 
interior. This feature may have been completely missed 
by more widely spaced (20 km) regional CTZ hydro- 
graphic surveys. The microstructure observations revealed 
a subsurface patch of elevated turbulent dissipation rates, 
attributed to momentum flux through mean shear tur- 
bulence generation. Strong vertical shears locally reduce 
the Ri, indicating the possible existence of stratified flow 
instabilities. The microstructure observations through the 
minifilament indicate that finescale processes (1-100 m), 
including regions of enhanced turbulent buoyancy and mo- 
mentum flux, may be important to the maintenance of the 
smaller, tendrillike features evident in AVHRR imagery, 
but are less important when compared to local upwelling 
processes and other frontogenesis mechanisms. 

The near surface (< 40 m) structure of the minifilament 
reveals a narrow outcropping of anomalously cool, sahne 
water. The feature is embedded within a strong zonal 
velocity jet, driven by a deeper front. Vertical flux 
divergence estimates indicate the turbulent patch within 
the high shear zone of the jet may contribute significantly 
(10%) to the meridional momentum balance, acting to 
decelerate the zonal flow. Although the nonhnear and 
temporal variations of the flow can not be estimated 
directly from this single meridional reahzation, the resolved 
dynamics (i.e., turbulent diffusion, convergence, vorticity, 
R0 = 1.3) suggest that nongeostrophic processes may be 
important. 

Various estimates of vertical entrainment are presented. 
Estimates from the velocity divergence, turbulent mixing 
and Ekman divergence suggest a consistent region within 
the core of the minifilament of upward vertical flux. 
Effective vertical velocities are estimated to be between 

20 and 70 m/d. Although the turbulent buoyancy flux 
is large, the time scale required to form the cool surface 
signature through mixing alone (,-•10 days) is large with 
respect to the residency time within the advective jet. 

Turbulent entrainment rates have been estimated, and 
it is unlikely the observed minifilament could have formed 
by turbulent entrainment alone. We hypothesize that 

Acknowledgments. The authors would like to thank those who 
assisted in data acquisition: Mike Neeicy-Brown, Jose Baer, Ray 
Kreth, Terry Sullivan, Mark Willis, and Pat Colher. Mike Kosro 
processed the shipboard ADCP data and Mark Abbott provided 
the AVHRR data. This project was supported by the Office of 
Naval Research through the Coastal Sciences Program under con- 
tract N00014-90-J-1215. 

REFERENCES 

Bernstein, R.L., L. Breaker, a•]d 1%. Whritner, California current 
eddy formation: Ship, air and satelhte results, Science, 195, 
353-359, 1977. 

Bri•k, K.H., and T. Cowles, The Coastal Tra•mition Zone Pro- 
gram., Y. Geophys. Res., 96, 14,637-14,648, 1991. 

Bryden, H.L., GeostrophJc vorticity balance in midocean, Y. Ge0- 
phys. Res., 85, 2825-2828, 1980. 

Caldwell, D.R., T.M. Dillon, and J.N. Mourn, The rapid-sampling 
vertical profiler: an evaluation, J. Atmos. Oceanic Technol., 
2, 615-625, 1985. 

Crawford, W.R., Pacific equatorial turbulence, J. Phys. 
Oceanogr., 12(10), 1137-1149, 1982. 

Dewey, R.K., and J.N. Mourn, Enhancement of fronts by vertical 
mixing, J. Geophys. Res., 95, 9433-9446, 1990. 

Dewey, R.K., J.N. Mourn, C.A. Paulson, D.R. Caldwell, and S.D. 
Pierce, Structure and dynamics of a coastal filament, J. Geo- 
phys. Res., 96, 14,885-14,907, 1991. 

deSzoeke, R.A., On the effects of horizontal variability of wind 
stress on the dynamics of the ocean ntixed layer, J. Phys. 
Oceanogr., 10, 1439-1454, 1980. 

Dillon, T.M., J.N. Mourn, T.K. Chereskin, and D.R. Caldwell, 
Zonal momentran balance at the equator, J. Phys. Oceanogr., 
19(5), 561-570, 1989. 

Ellison, T.H., Turbulent transport of heat and momentum froIn 
an hffmite rough plane, J. Fluid Mech., œ, 456-466, 1957. 

Flament, P., L. Armi, and L. Washburn, 1985: The evolving 
structure of an upwelling filament, J. Geophys. Res., 90, 
11,765-11,778, 1985. 

Gill, A.E., Atmosphere-Ocean Dynamics, 662 pp., Academic 
Press, New Pork, 1982. 

Gregg, M.C., H. Peters, J.C. Wesson, N.S. Oakey, aa•d T.J. Shay, 
Intensive measurements of turbulence and shear in the equa- 
torial undercurrent, Nature, 318, 140-144, 1985. 

Haidvogel, D.B., A. Beckmaim, and K. Hedstrom, Dynamical 
simulations of filament formation and evolution in the Coastal 

Transition Zone, J. Geophys. Res., 96, 15,017-15,040, 1991. 
Hood, R.R., M.R. Abbott, A. Huyer and M.P. Kosro, Surface pat- 

terns in temperature, flow, phytoplankton biomass and species 
composition in the Coastal Transition Zone off Northern Cali- 
forvia, J. Geophys. Res., 95, 18,081-18,094, 1990. 

Hoskins, B.J., The role of potential vorticity in symmetric sta- 
bility and instability, Q. J. R. Meteorol. Soc., 100, 480-482, 
1974. 

Hoskins, B.J., The mathematical theory of frontogenesis, A nnu. 
Rev. Fluid Mech., 1•, 131-151, 1982. 

Howard, L.N., Note on a paper of Jolm W. Miles, J. Fluid Mech., 
10, 509-512, 1961. 

Huyer, A., M.P. Kosro, J. Fleischbein, S. Ramp, T. Stm•ton, L. 
Washburu, F. Chavez, T. Cowles, S. Pierce, and R. Smith, 
Cttrrents and water masses of the coastal traamition zone off 

Northern California, June and August 1988, J. Geophys. Res., 
96, 14,809-14,832, 1991. 

Ikeda, M., and W.J. Emery, Satellite observations and modeling 
of meanders in the California current system off Oregon and 
northern California, J. Phys. Oceanogr., 1•, 1434-1450, 1984. 

Kosro, P.M., Shipboard acoustic current profiling during the 
Coastal Ocean Dynamics Experiment, $I0 Re/. 85-8, Scripps 
Inst. of Oceanogr., La Jolla, Calif., 1985. 

Miles, J.W., On the stability of heterogeneous shear flows, J. 
Fluid Mech., 10, 496-508, 1961. 



14,470 DEWEY ET AL.: MICROSTRUCTURE ACTIVITY WITHIN A MINIFILAMENT 

Moores, C.M.K., and A.R.Robixmon, Turbulent jets mad eddies:• 
ha the California current asad ixfferred cross-shore transports, 
Science, 223, 51-53, 1984. 

Mourn, J.N., and R.G. Lueck, Causes and implications of noise in 
oceanic dissipation measurements, Deep-Sea Res., 32(4), 379- 
390, 1985. 

Mourn, J.N., D.R. Caldwell, and P.J.Stabeno, Mixing and intru- 
sions ha a rotation cold-core feature off Cape Blanco, Oregon, 
J. Phys. Oceanogr., 18, 823-833, 1988. 

Niiler, P.P., On the Ekman divergence in an oceanic jet, J. Geo- 
phys. Res., %/(28), 7048-7052, 1969. 

Osborn, T.R., Estimates of the local rate of vertical diffusion from 
dissipation measurements, J. Phys. Oceanogr., 10(1), 83-89, 
1980. 

Pedlosky, J., Geophysical Fluid Dynamics, 624 pp., Springer-• 
Verlag, New York, 1979. 

Phillips, O.M., The Dynamics of the Upper Ocean, 336 pp., Cam- 
bridge University Press, New York, 1977. 

Strub, P.T., P.M. Kosro, A. Huyer and CTZ Collaborators, The 
nature of the cold fdasnents in the California Current System, 
J. Geophys. Res., 96, 14,743-14,768, 1991. 

R. K. Dewey, Science Applications International Corporation, 
13400B Northup Way, Suite 36, Bellevue, WA 98005. 

J. N. Mourn and D. R. Caldwell, College of Oceanin and At- 
mospheric Sciences, Oceanography Administration Building 104, 
Oregon State University, Corvallis, OR 97331. 

(Received May 21, 1992; 
revised January 11,1993; 
accepted March 3, 1993.) 


