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Three-Dimensional Flow
in the Upper Ocean

Robert A. Weller, Jerome P. Dean, John Marra
James F. Price, Erika A. Francis, David C. Boardman

Regularly spaced, long, narrow sur-

face slicks or rows of flotsam are com-

monly observed on the surface of wind-
swept lakes and seas. In 1927, while on

an Atlantic crossing to England, Irving
Langmuir (1) observed such parallel
lines of floating seaweed. After he re-

turned home to New York, Langmuir
conducted a series of ingenious flow
visualization experiments in Lake
George, showing that the slicks are

formed in regions of convergent surface
flow which are associated with counter-
rotating helical vortices near the surface
of the lake. The rotational axes of the
vortices were horizontal and nearly par-
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allel to the direction of the wind. These
helical flow patterns are now called
Langmuir circulation or, individually,
Langmuir cells. Today we know thit
surface slicks are caused by other pro-
cesses as well as by Langmuir circula-
tion. However, in the open ocean, under
moderate to heavy winds, surface slicks
or rows of floating seaweed that are

aligned nearly parallel to the wind are
taken as evidence that helical Langmuir
circulation is present within the mixed
layer.

Meteorologists and physical, chemi-
cal, and biological oceanographers are

interested in Langmuir circulation and in
any other organized three-dimensional
flows in the upper ocean because such
flows should be effective mechanisms for
transporting horizontal momentum,
heat, nutrients, and organisms vertically
through the wind-stirred upper boundary

or mixed layer of the ocean. The field
measurements collected to date, howev-
er, are insufficient to describe the
persistence, depth of penetration, and
amplitude of the helical flow. Thus, only
limited evidence for such vertical trans-
port exists.
Woodcock (2), for example, observed

that buoyant Sargassum was carried un-
der the surface in the regions of conver-
gent surface flow. Accordingly, phyto-
plankton, with small terminal velocities
(3), should be carried along with the
helical flow and experience large
changes in irradiance (4), affecting their
photosynthesis (5-7); yet that conclusion
is presently based almost entirely on
laboratory experiment (5, 8) and theoret-
ical inference (9-11). Recently, in Loch
Ness, Thorpe and Hall (12) observed
tongues of warm water extending down-
ward toward the base of the mixed layer
from beneath surface slicks. Such evi-
dence from field studies (13, 14), recent
laboratory experiments (15), and numeri-
cal models (16) suggest, but do not
prove, that three-dimensional flow such
as Langmuir circulation plays an impor-
tant role in upper ocean processes.

Recently we began a study of the
physics and biology of the mixed layer,
including an investigation of the role of
organized, three-dimensional flows. Our
first goal was to develop the capability to
make accurate measurements in the up-
per ocean of the vertical and horizontal
components of velocity, the tempera-
ture, the conductivity, and the concen-
trations of chlorophyll a (a good indica-
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tor ofphytoplankton biomass). The chlo-
rophyll a content would serve both as
additional data for evaluating mixed lay-
er dynamics and as a means to study the
effect of the three-dimensional flow on
biological processes in the upper ocean.
Our second goal was to observe and
characterize the vertical and horizontal
velocities, temperature, conductivity
fluctuations, and the chlorophyll a con-
centration associated with Langmuir cir-
culation.
Instruments and methods. Previous

measurements suggested that the fluctu-
ations we hoped to measure would be
small relative to other variability in the
mixed layer. Near-surface vertical veloc-
ities associated with Langmuir circula-
tion had been reported to increase with
wind speed at approximately 0.0085 m
sec 1 ofnear-surface downwelling veloci-
ty per I m sec-1 of wind (13, 14). In
comparison, the vertical velocities asso-
ciated with surface gravity waves are an
order of magnitude larger. Thorpe and
Hall (12) found the downwelling fluid
beneath slick lines to be approximately
0.0002°C warmer than other fluid at the
same depth; diurnal temperature
changes in the mixed layer can exceed
0.5°C. Unwanted motion of the instru-
ments themselves would complicate the
task of measuring such small changes.
Temperature, conductivity, and chloro-
phyll a content have large vertical gradi-
ents at some depths in the upper ocean;
and instruments lowered from a rolling
ship would, due to their vertical motion,
measure at those depths large fluctua-
tions in temperature, conductivity, and
chlorophyll a content in addition to fluc-
tuations in vertical velocity. Because of
the low signal-to-noise ratios it was nec-
essary to develop a new instrument for
making direct measurements of vertical
velocities in the mixed layer and to de-
ploy all the instrumentation from a plat-
form that did not roll and heave in re-
sponse to surface waves.
The new instrument, called the real-

time profiler (RTP), directly measures
vertical velocities as well as horizontal
velocities, temperature, and conductiv-
ity. Another instrument, used for hori-
zontal velocity measurements in the up-
per ocean and called the vector-measur-
ing current meter (VMCM), had previ-
ously been developed and found to make
accurate measurements of low-ampli-
tude, low-frequency horizontal flows in
the presence of surface waves (17, 18).
The velocity sensor of the VMCM con-
sists of two cosine-response propeller
assemblies mounted at right angles. For
our purpose, two such sensors were
mounted at right angles on the RTP with
29 MARCH 1985

the axis of rotation of one propeller
assembly on each sensor oriented verti-
cally (Fig. 1). A fin attached to the
pressure case that housed the electronics
oriented the instrument with respect to
the mean flow so that the velocity sen-
sors were upstream of the pressure hous-
ing. The two vertically oriented propeller
assemblies produced redundant vertical

ductivity (0.0025 mS cm-') were well
within the precision of the sensors and
associated circuitry. A fluid velocity of
0.01 m sec-' was required before the
propellers would record it. One count
from the velocity sensors corresponded
to a displacement of approximately 0.08
m of fluid parallel to the propeller's axis
of rotation.

Abstract. Measurements made from the Research Platform FLIP provide some
of the first direct observations of three-dimensional flow within the surface mixed
layer of the ocean. Relatively narrow regions ofdownwellingflow werefound within
the mixed layer, in coincidence with bands ofconvergent surface flow. At mid-depth
in the mixed layer, the downwelling flow had magnitudes of up to 0.2 meter per
second and was accompanied by a downwind, horizontal jet of comparable magni-
tude. There is some evidence that these motions transport heat and phytoplankton
within the mixed layer.

velocity measurements. The two hori-
zontally oriented propeller assemblies
measured orthogonal components of ve-
locity, which, together with the heading
from a compass in the instrument, were
later transformed into the east and north
components of horizontal velocity. In
addition, the instrument was fitted with
an external temperature sensor, a con-
ductivity sensor, a pressure sensor, and
two accelerometers that sensed tilt. In-
formation from the accelerometers was
transmitted as an analog signal up an
electromechanical cable. All other data
from the RTP were both recorded inter-
nally and transmitted in digital format up
the cable every 14 seconds. The least
counts in the digitization of temperature
(0.005°C), pressure (0.16 dbar), and con-

In order to take chlorophyll a mea-
surements, a fluorometer package was
deployed with the RTP. The fluorometer
package consisted of a SeaMarTec in
situ fluorometer, temperature and pres-
sure sensors, and a Sea Data data logger.
It was calibrated by taking samples of
water in Niskin bottles at the same time
and depth as the fluorometer readings,
and filtering the water samples for later
chlorophyll a analysis by fluorometry.
The fluorometer package was shackled
directly below a VMCM, which was in
turn shackled directly below the RTP;
the VMCM provided an independent
record of temperature, horizontal veloci-
ty, and pressure.
Our first deployment of these instru-

ments was made from the Research Plat-

CU
Fig. 1 (left). The real-time proffler was used to measure vertical and horizontal velocities,
temperature, conductivity, and pressure. The electronics package also measured the orientation
and tilt of the instrument. The propeller sensors (a) were 0.22 m in diameter; the pressure case
that housed the electronics (b) was 1.22 m in length and 0.19 m in diameter. Fig. 2 (right).
The Research Platform FLIP as rigged in December 1982. The instruments were: (a) the real-
time profiler, (b) a vector-measuring current meter (VMCM), (c) the SeaMarTec fluorometer
and data logger, (d) a profiling VMCM, (e) a VMCM held at a depth of 2 m, and (f)
meteorological sensors.
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Fig. 3. This is a three-dimensional presentation of the time series taken by the RTP between
10:30 and 11:00 a.m. local time, 13 December 1982. U, V, andW are the east-west, north-south,
and vertical components of the fluid velocity, respectively. The irregularly positioned rectan-
gles in three lines on the surface were drawn in to simulate the long, narrow bands of computer
cards that were observed on the sea surface at this time. The vertical arrows are individual
values, drawn every 14 seconds on a time axis that runs from left to right, of vertical velocity at
23 m. The horizontal arrows (drawn on the top surface for clarity) are the horizontal velocities
observed at 23 m. The broad arrow labeled T shows the direction of the wind at the time. The
vertical velocity data have been corrected for tilt of the RTP; the correction was of order 0.01 m
sec '. A three-point running mean was applied to both the horizontal and vertical velocities
before drawing this figure.

8:18
a.m.-

0
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-20
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Fig. 4. Three time series of vertical velocity from 13 December. As in Fig. 3, a threl
rmnning mean was applied to the time series. This removes fluctuations in the vertical v
-associated with wave motion; untreated data are shown in Fig. 5.

form FLIP. The FLIP was towed to the
site of the experiment in the horizontal
position; and once at the site, tanks in
the hull were flooded to pivot the FLIP
upright. In the upright working position,
with 95 m of hull below the waterline, the
FLIP is stable compared to ships or
shallow draft surface buoys (19). As a
result, instrumentation lowered from the
FLIP does not move up and down as it
would if lowered from a rolling ship.
Booms were rigged from the FLIP so
that the suspended instruments were
kept away from the hull (Fig. 2), and a
thruster (on the hull but not aimed at or
near the instruments) maintained the
vessel's orientation so that the instru-
ments were not in the FLIP's wake as it
slowly drifted through the ocean.
From 12 to 16 December 1982 mea-

surements were made as the FLIP drift-
ed southward off the coast of southern
California southwest of San Clemente
Island. Surface wave heights and wind
speeds were moderate, averaging ap-
proximately 1 m and 8 m sec-, respec-
tively, with the highest winds (14 m
sec-') occurring on the morning of the
13th. The seasonal thermocline began at
an average depth of 50 m. The horizontal
velocity field relative to the FLIP had
magnitudes of approximately 0.1 m
sec-1. The RTP was sometimes posi-
tioned at different fixed depths in order
to record time series of velocity, tem-
perature, conductivity, and chlorophyll a
concentration. At other times the instru-
ments were moved slowly up and down
in order to measure vertical profiles.
Correcting the measured vertical veloci-

9:18 ties for the motion of the package was
a.m. done by converting the rate of vertical

displacement of the RTP determined
from the pressure sensor to vertical ve-
locity and subtracting that from the mea-
sured vertical velocity.

Observations of three-dimensional
flow. One set of velocity time series,
measured at a depth of 23 m, will be
discussed in detail as an example of the

_, observations collected by these meth-
11:30 ods. The rest of the data, both the re-
a.m. maining time series taken at fixed depths

and the vertical profiles, will be dis-
cussed more concisely and used to de-
velop a list of the characteristics of the

- three-dimensional flow that was ob-
served during this experiment.
At about 10:30 a.m. (local time) on 13

December the three instruments were
fixed with the RTP at a depth of 23 m,
roughly at mid-depth in the mixed layer.

8:48 The data taken by the RTP over the next
p.m. 30 minutes are represented in Fig. 3, and

e-point the sequence of events that began at
relocity 10:30 a.m. can be summarized as fol-

lows: Soon after 10:30 a.m. downwelling



velocities as high as -0.18 m sec'I were
observed. At that time, used computer
cards were scattered from various loca-
tions on the FLIP to cover the sea sur-
face; within 1 to 2 minutes these cards
were drawn into long, narrow bands ap-
proximately 20 m apart. The lines of
cards formed at an angle of approximate-
ly 150 to the right of the wind. The cable
to which the RTP was attached cut
through one of these lines of cards at
10:42 a.m. and again at 10:52 a.m. Per-
sistent downward flow was observed by
the RTP for a period of approximately 2
minutes beginning shortly after 10:40
a.m. and again shortly after 10:50 a.m.,
bracketing the times at which the cable
passed through the card lines. The hori-
zontal velocities observed by both the
RTP and VMCM turned downwind and
intensified markedly when the down-
welling was encountered. The downwind
horizontal jets reached the same magni-
tude, approximately 0.2 m sec-1, as the
downwelling velocity. The flow beneath
the card lines was thus, at 23 m, directed
downward at an angle of close to 450 and
was nearly three times as strong as the
typical downward flow in the mixed lay-
er during this experiment. The three in-
struments were kept at the same depth
for another 70 minutes following 11:00
a.m., but in that period the downwelling
events were both weaker and less con-
centrated.
To help place the measurements taken

from 10:30 to 11:00 a.m. in context, Fig.
4 shows three time series of vertical
velocity measured at different times on
13 December; Fig. 4B includes the 30
minutes of data used in Fig. 3. From 8:18
to 9:18 a.m. downwelling and upwelling
flows, both with magnitudes ofup to 0.07
m sec-1, were observed at a depth of 9.5
m. The horizontal flow did not turn to-
ward the downwind direction during this
hour. From 10:30 to 11:00 a.m. the three
strong downwelling events discussed
above were observed at 23 m; in the next
30 minutes only one downwelling event,
with a maximum speed of 0.08 m sec-1,
was observed. From 7:48 to 8:48 p.m., at
21 m, a single strong downwelling jet was
observed in coincidence with a down-
wind jet of the same strength.
Downwelling flows similar to those

seen on 13 December, with magnitudes
of 0.10, 0.17, and 0.20 m sec-', were
observed on the morning of 15 Decem-
ber, when the wind speed was 2.3 m
sec-1, on that afternoon, when the wind
speed was 2.6 m sec'-, and at midday on
16 December, when the wind speed was
6.6 m sec'1, respectively. Aerial photo-
graphs of surface slicks (20, 21) had led
us to expect regularly spaced Langmuir
cells that extended, one after the other,

over large areas of the ocean. However,
the strongest three-dimensional flows,
such as shown in Fig. 3, were only
intermittent. More typical were down-
welling flows between 0.05 and 0.10 m
sec', with no obvious associated
change in the horizontal velocity.
Downwelling flows were observed

only when surface drifters scattered
from the FLIP aligned relatively quickly.
During the day computer cards were
used as surface drifters, as discussed
above. During the night small, flat plastic
bags partially filled with luminescent flu-
id were used in place of the computer
cards. The strength of the observed
downwelling varied with the rate of
alignment of these drifters, indicating
that the strength of the interior flow
varied with the strength of the surface
flow. When the drifters failed to align or
aligned slowly, taking 15 minutes or
longer, the vertical velocities measured
by the RTP changed sign frequently and
had mean values of approximately 0.02
m sec-1.
The dependence of the downwelling

velocity on wind speed suggested in the
literature (13, 14) was not verified by this
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data. The downwelling velocities were,
however, strongly depth dependent. The
strongest downwelling flows were ob-
served at depths between 10 and 35 m,
corresponding to the middle region of the
mixed layer; above and below that re-
gion downwelling flows, if observed,
were typically less than 0.05 m sec- 1. No
evidence of downwelling flow was found
in or below the seasonal thermocline.
We believe the three-dimensional ve-

locity structures described above to be
genuine features of the upper ocean flow
field. However, several possible error
sources merit brief discussion. Tilting
the RTP in the presence of a horizontal
current will cause a vertical velocity to
be measured. Measured tilts of the RTP
were small, within 30 of vertical, so that
the component of the mean horizontal
velocity field sensed by the vertically
oriented propellers was less than 5 per-
cent of the horizontal velocity. Between
10:30 a.m. and 12:10 p.m. on 13 Decem-
ber, this would be 0.01 m sec-1, small
compared to the measured downwelling.
When held at a fixed depth the RTP

was pulled up and down by the FLIP's
small roll and heave. The observed dis-

11:05 p.m., 12 Dec.
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Fig. 5. (A) At 11:00 p.m. local time on 12 December a vertical temperature profile showed that
the near-surface region was slightly cooler than the interior of the surface layer. (B) Unaveraged
time series of vertical velocity and temperature showed that negative temperature anomalies
were encountered in regions of downward flow; the time series show approximately 15 minutes
of the original data collected at mid-depth in the mixed layer. (C) At 4:00 p.m. local time on 15
December a vertical profile of temperature showed that the near-surface region was slightly
warmer than the interior. (D) The 15-minute, unaveraged time series showed that slightly
warmer temperatures were encountered in downwelling regions by the RTP.
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placement of the RTP was at most a 0.30
m amplitude oscillation with a period of
approximately 120 seconds. Long-term
averages of vertical velocity were com-
puted for various depths below the
mixed layer to verify that the velocity
sensors properly measured the fluctua-
tion in the flow; the magnitudes of such
averages were between 0.001 and 0.0001
m sec'.
Near the surface, surface wave veloci-

ties were also present. In the absence of
the downwelling events discussed in the
previous section, 30-minute average ver-
tical velocities computed from data tak-
en in the mixed layer were between 0.01
and 0.001 m sec- in magnitude. These
mean vertical velocities were small
enough to show that neither surface
wave velocities nor motion of the instru-
ment induced false vertical velocity sig-
nals as large as those observed, which
had magnitudes as high as 0.22 m sec'1
and, typically, were between 0.05 and
0.10 m sec-'. However, averaging
across individual events such as those
shown in Fig. 3 did not always yield
near-zero vertical velocities, as might be
anticipated. The data are time series
taken from a drifting platform. Thus, it is
possible that the FLIP spent more time
in the convergent, downwelling regions
than in the regions of weak upwelling
and that nonzero averages of vertical
velocity do not imply either a lack of
continuity or an error in the measure-
ments.

Further, periods with persistent down-
welling velocities greater than 0.04 m
sec-I were observed by the RTP only
when the surface drifters also formed
into lines nearly parallel to the wind.
Under a variety of wind and wave condi-
tions, whenever the drifters failed to
align or aligned only after relatively long
times, there was no indication of a per-
sistent vertical flow in the upper ocean.
If large vertical velocities could be intro-

duced into the RTP measurements by
surface wave or platform motion, then
large vertical flows should have been
indicated throughout the entire experi-
ment, not just when patterns of conver-
gent surface flow were present.
Consequences of organized three-di-

mensional flow in the mixed layer. Dur-
ing the day incoming solar radiation
heats the upper ocean, but the amount of
radiation that penetrates the ocean de-
cays exponentially. As a result, a shal-
low, warm layer may tend to form at the
surface during midday. At night the sur-
face of the ocean loses heat to the atmo-
sphere and fluid at the surface may be
cooler than that in the interior. The con-
vergent surface flow visualized by the
surface drifters should concentrate the
warmed or cooled surface water in the
area of downwelling where it would be
carred downward into the interior of the
mixed layer, as seen in Loch Ness (12).
The temperature data from the RTP were
examined for evidence that the observed
three-dimensional flow transported heat
through the mixed layer. Temperature
anomalies were found in the downwell-
ing regions. Positive anomalies were ob-
served during midday and negative
anomalies were observed during the
night, when near-surface temperatures
were warmer and cooler, respectively,
than the interior of the mixed layer (Fig.
5). The observed temperature anomalies
were sO.015°C, which is consistent with
a surface transit time of a few minutes
and a surface heat flux on the order of
500 W m-2.
Often the mixed layer was well mixed

with respect to chlorophyll a, and chlo-
rophyll concentrations in the downwell-
ing flows were not significantly different
from concentrations elsewhere in the
mixed layer. When vertical profiles of
chlorophyll in the mixed layer were not
uniform, anomalies of up to 0.8 ,ug per
liter were found in association with the

downwelling regions, evidence that the
downwelling flow carried phytoplankton
with it.
Anomalies of temperature and chloro-

phyll content found in the downwelling
regions show that the observed three-
dimensional flow carries fluid from the
surface down into the interior of the
mixed layer. The magnitude of the ob-
served vertical flow is large compared to
the terminal velocities of phytoplankton
(3) and fish eggs (22). Hence, Langmuir
circulations should play an important
role in the biology aS well as in the
physics of the mixed layer.
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