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Observations of Extreme Upwelling Filaments in the

Southeast Atlantic Ocean

J. R. E. LuTJEHARMS, F. A. SHILLINGTON, C. M. DUNCOMBE RAE

Cold oceanic water upwells along the western coastline of most major continents. The
thermal front that demarcates the farthest seaward extent of this upwelled water is
sometimes characterized by extensive whisps or cross-frontal filaments. These may play
an important role in the functioning of the upwelling ecosystem as a whole. Satellite
observations on filaments of the Benguela upwelling system show filaments that exceed
1000 kilometers in length. Two mechanisms that may produce the exceptional length
of these filaments are interaction with Agulhas rings and the effect of intense berg

winds.

CEANIC UPWELLING REGIMES PLAY
Oa principal role in the ecology of the

eastern boundary areas of most
ocean basins, in particular that of the North-
east Pacific (1), Southeast Pacific (2), and
Southeast Atlantic oceans (3). It has been
suggested that in many instances biological
productivity of upwelling areas is concen-
trated at the fronts that separate cold up-
welled water from the adjacent ocean surface
water (4). Frontal behaviour may therefore
be an important element in the potential
primary productivity of upwelling areas as a
whole. Moreover, by raising deeper water to
the sea surface where it is warmed by inso-
lation and atmosphere-to-ocean heat trans-
fer, upwelling regimes modify the tempera-
ture and salinity of substantial volumes of
water. The full areal extent of upwelling
regimes, as delimited by their upwelling
fronts, is therefore a factor in global water
mass modification and thus by implication
in climate. With the advent of satellite re-
mote sensing it has become increasingly
evident that upwelling fronts are, usually,
not smooth but consist of a heterogeneous
collection of mesoscale plumes, whisps, and
filaments (5); these features significantly ex-
tend both the productive habitat associated

J. R. E. Lutjeharms and F. A. Shillington, Department of
Oceanography, University of Cape Town, 7700 Ronde-
bosch, South Africa.

C. M. Duncombe Rae, Department of Oceanography,
University of Cape Town, 7700 Rondebosch and Sea
Fisheries Research Institute, Private Bag X2, 8012
Roggebaai, South Africa.

774

with the front (6) as well as the areal extent
of cold surface water. The full geographic
extent of these filaments in each individual
upwelling regime has yet to be established.
In this report, we describe unusually elon-
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Fig. 1. (A) Thermal infrared image of the upwelling
area of the Southeast Atlantic Ocean from the ME-
TEOSAT II satellite for 5 July 1982. Colder water is
indicated by lighter hues. An extreme, meandering
upwelling filament is evident off Liideritz. (B) Inter-
pretive sketch of the same scene with lines of latitude
and longitude. An approximate kilometer scale is
given as reference.

gated filaments of the Benguela upwelling
system in the Southeast Atlantic.

The upwelling regime of the Southeast
Atlantic Ocean stretches from the Benguela-
Angolan front at about 16°S to Cape Agul-
has (3), the most southern tip of Africa.
Upwelling occurs preferentially in certain
specific upwelling cells (7), the location of
which in many cases corresponds to narrow
parts of the continental shelf (3). The central
and most intense of these upwelling cells is
the one at Liideritz (27°S) (8). On average
its surface water is colder than that in other
upwelling cells, it extends farther offshore,
and it exhibits active upwelling more fre-
quently than any of the other identified cells
(7). Upwelling filaments typically form on
the fronts of all cells where the upwelling is
well developed (9). This filamentous band,
parallel to and seaward of the main, contig-
uous upwelled water, is usually between 100
and 500 km wide (10).

Upwelling filaments of this kind have
been shown to have certain distinctive char-
acteristics. They are quasi-geostrophic jets
that entrain cold water at coastal upwelling
sites and rapidly advect it far offshore (11).
This flow pattern probably provides signifi-
cant cross-shore transport of heat, nutrients,
biota, as well as pollutants, and may be
associated with adjacent mesoscale eddies
(12). Measurement of the kinematic charac-
teristics of such filament features in the
California Current system (13) have shown
that under certain conditions the flow con-
figuration consists of a rapid offshore flow
balanced by a slower, parallel return flow
that converges at the front on the equator-
ward side of the filament. Filaments may
extend to a depth of 100 m (14), last a
number of weeks, and may carry a volume
flux in excess of 10° m%/s (13).

The unusually long filaments were re-
vealed in a study of a large collection of
satellite thermal infrared images for the
Southeast Atlantic Ocean covering more
than 10 years (15) (Fig. 1). The filaments
occasionally developed off the Liideritz up-
welling cell. Whereas most observed fila-
ments extended about 300 km offshore (13),
these extreme filaments off Liideritz exceed-
ed 1000 km in length.

An example of such an extreme upwelling
filament is shown in Fig. 1. The filament had
its origin in the surface upwelling front
seaward of the continental shelf edge and
extended more than 1300 km offshore. Side-
ways meanders with a wavelength of about
250 km and a wave amplitude of 100 km
shaped the trajectory of the cold water (16).
The surface expression of this extreme fila-
ment was persistent for about 10 days, from
5 to 14 July 1982. For this whole period it
extended more than 1000 km offshore.
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A mechanism responsible for carrying up-
welling filaments so far offshore is suggested by
the meandering shape of the filaments ob-
served. This part of the ocean periodically
contains a collection of Agulhas rings (12, 17)
spawned at the Agulhas Current retro-
flection (18) farther south in the Southeast
Adantic Ocean. These rings generally drift in a
northward and northwestward direction (17,
19). Interaction with upwelling filaments may
lead to the partial entrainment of filaments
along the periphery of one or more of such
rings.

Our recent investigations at sea have con-
firmed this type of interaction. A research
cruise to investigate an Agulhas ring in the
South Atlantic Ocean was carried out in
May 1989 (12). Satellite thermal infrared
imagery for a period during and after the
cruise revealed the envelopment of the ring
by an extreme upwelling filament just south
of Liideritz (Fig. 2). The Agulhas ring was
evident as an anticyclonic (anticlockwise),
warm core (water at the center was 5°C
warmer than ambient) feature in the hy-
drographic measurements down to a depth
of at least 1200 m. Surface geostrophic
velocities (20) were ~50 cm/s and were
confirmed by the ship’s drift during the
survey.

Two hydrographic transects (a total of 20
stations) were conducted across the ring.
Salinities in the upper 75 m at the northwest
edge of the ring were anomalously low (35.3
x 1073); a value typically found at the up-
welling frontal region (3) and also found re-
cently in an upwelling filament near Liideritz
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Fig. 2. Flow partern of a cold filament around a warm Agulhas ring off
Liideritz from NOAA II infrared data for 15 to 16 June 1989. (A) The fully
corrected sea-surface temperatures with surface current vectors obtained
from feature tracking. In this method (22) the relative displacement of
specific features over a 24-hour period is used to estimate velocities. (B) A
line drawing interpretation of the surface isotherms for 15 June 1989. Cold,

upwelled water can be seen to be entrained by the ring.

(21). These measurements confirm that the
cool water being entrained by the ring, as
shown in Fig. 2, is of upwelling origin. Surface
currents in the filament (Fig. 2) varied between
40 am/s near its upwelling origin and 60 cm/s
near the eastern side of the ring. The filament
stretched 770 km away from the coast, before
its final southward entrapment around the ring.
Using a conservative surface current speed of
30 cm/s, an average width of 50 km, and a
depth of 100 m, we estimate that the offshore
volume flux of the filament was 1.5 x 10°
m3fs.

The driving force for upwelling along
southern Africa’s west coast is a southeast-
erly wind associated with the anticyclonic air
circulation around the South Adantic high-
pressure system. On occasion this system
causes berg winds, a seaward flow of air that
is adiabatically warmed as it moves from the
high continental plateau down to sea level.
Intense berg winds have on occasion been
observed to carry sand and dust from the
Namib desert up to 700 km offshore (23).
Study of the best available satellite imagery
for this ocean area, covering the period
1978 to 1984, indicated that at least 11
events occurred during which upwelling fil-
aments off Liideritz extended more than 500
km offshore. Each of these instances was
apparently associated with particularly in-
tense berg winds, which were indicated by
the presence of extensive dust streaks in the
satellite images. An analysis of the rate of
secaward penetration of such long filaments
shows that their reaction time to the onset of
strong berg winds is within days.

These results demonstrate that the surface
effects of the upwelling system of the South-
east Atlantic Ocean are on occasion observ-
able much farther seaward than was conven-
tionally thought to be the case. Long
filaments are caused by the juxtaposition in

_this area of an extensive coastal upwelling

system and a field of intense rings shed from
a nearby western boundary current. The
process may be enhanced by occasional high
velocity offshore flows of air. The penetra-
tion of upwelled water into the central
ocean basin has implications for the ecolo-
gy of the surface water of the region as well
as for the interpretation of deep-sea sedi-
ments of the area. Under intense offshore
winds and increased ring shedding, such as
predicted under some warmer climate sce-
narios (24), the surface extent of this up-
welling system can be expanded and atmo-
sphere-ocean heat transfer thus greatly
augmented.
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Contact Adhesion of Thin Gold Films on Elastomeric
Supports: Cold Welding Under Ambient Conditions

GREGORY S. FERGUSON, MANOJ K. CHAUDHURY, GEORGE B. SIGAL,

GEORGE M. WHITESIDES*

Thin gold films placed in contact on compliant elastomeric poly(dimethylsiloxane)
supports weld together. This “cold welding” is remarkable both for the low loads
required and for the fact that it occurs under ambient laboratory conditions, condi-
tions in which the gold surfaces are covered with films of weakly adsorbed organic
impurities. These impurities are probably displaced laterally during the welding.
Welding can be prevented by the presence of a self-assembled gold(I) alkylthiolate
monolayer on the gold surfaces. The welded contacts have low electrical resistivity and
can be made thin enough to transmit light. This system is a promising one with which

to study interaction between interfaces.

ELDING OF METALS UNDER AM-
bient conditions (“cold weld-
ing”) has been practiced for more

than 700 years, but only with high applied
pressures (such as under the impact of a
smith’s hammer) or with frictional work
(1-3). The adhesion of metals in ultrahigh
vacaum (UHV) under light loads is also
known (4) but requires flat, ductile, and
atomically clean surfaces. In this report we
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describe the self-adhesion of thin gold films
on elastomeric supports, under ambient lab-
oratory conditions, with very small applied
loads (Fig. 1). Adhesive bonding of metal
surfaces under ambient laboratory condi-
tions—that is, in the presence of air, humid-
ity, and volatile organic contaminants—and
with very small applied loads (<0.1 to 0.2
g/cm?) (5) is therefore remarkable. For self-
adhesion of these “dirty,” supported films of
gold, an underlying elastomeric support is
required. The self-adhesion is inhibited or
prevented by monolayer films [self-assem-
bled monolayers (SAMs)] less than 1 nm
thick on the gold.

We prepared the systems by the proce-
dure summarized in Fig. 1. Treatment of a

film of poly(dimethylsiloxane) (PDMS) (6)
with a radio frequency, oxygen plasma
formed a thin [<50 A by x-ray photoelec-
tron spectroscopy (XPS)] silica-like layer on
its surface. We denote this oxidized surface
as PDMS/SiO,: its surface chemistry is sim-
ilar to that of SiO, (7). Chemisorption of
11-trichlorosilylundecyl thioacetate [Cl;Si-
(CH,),;SCOCHj;] from the vapor phase
onto PDMS/SiO, produced a monolayer of
the corresponding alkylsiloxane (8, 9). Thin
films of gold (~20 nm), thermally evaporat-
ed onto the surface of the PDMS-bound
SAM (9-11), adhered well to it (9, 12, 13).

When placed in contact, two gold films
supported on 1 cm by 1 cm squares of
PDMS adhered strongly across the gold-
gold interface. Failure occurred by decohe-
sion within the polymer (the tear strength of
the PDMS used here is 2.7 x 103 g/cm)
(14). We hypothesize that the elasticity and
compliance of PDMS allow the gold surfac-
es to conform to one another, increasing the
area of gold-gold contact and tangentially
displacing loosely adsorbed contaminants
(15). This hypothesis implies the possible
formation of “islands” of the contaminants
at the gold-gold interface.

We measured the strength of adhesion by
using an apparatus reported separately (8).
A small (radius of curvature = 1.31 to 1.34
mm) hemispherical lens of PDMS and a flat
sheet of PDMS were allowed to come into
contact in the absence of an applied load.
For two surfaces of unmodified PDMS, the
pull-off force was 0.034 dyne for an initial
area of contact at zero load of 4.45 x 107*
cm®. We characterize this adhesion as
“tacky,” because the area of contact de-
creased with increasing negative load. The
pull-off force for the two gold films support-
ed on PDMS was 3.33 dyne for an initial
area of contact of 3.53 x 10™* cm?. In this
case, the area of contact did not decrease
with increasing negative load; rather, cohe-
sive failure occurred within the flat sheet of
PDMS. We conclude that this pull-off force
is a lower limit of the strength of adhesion
across the gold-gold interface and that these
results rule out the possibility that the weld-
ing is actually tacky adhesion arising from
organic contaminants at the interface.

Chemisorbed monolayers of alkyl thio-
lates at the surfaces of these gold films
prevented welding. Treatment of one of the
films with ethanoethiol vapor for 5 to 10 s
greatly reduced the strength of adhesion;
that is, the films were easily separated and
adhesive failure occurred at the “gold-gold”
interface. This “weak” adhesion was similar
in strength and character to the tackiness
between sheets of unmodified PDMS (16).
As expected, gold films bearing ordered
SAMs of longer chain alkyl thiolates (17)
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