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A Simple Method for Measuring Deep Convection

EDWARD J. KEARNS AND H. THOMAS ROSSBY

Graduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island

(Manuscript received 21 July 1992, in final form 4 January 1993)

ABSTRACT

The glass-pipe technology used for RAFOS floats is applied to the monitoring of convection in deep mixed
layers. The velocity of a vertical current is estimated from the relationship between the drag force exerted on a
float by the vertical current and the buoyancy force induced by the float’s resultant displacement from hydrostatic
equilibrium. Tests conducted in the winters of 1990 and 1991 in the 18°C waters of the northwestern Sargasso
Sea reveal definite convective events. Vertical velocities of both upwelling and downwelling plumes are estimated

to approach maxima nearing 0.05 m s~*

, with durations of up to 2 h. One float that crossed the Gulf Stream

and entered the Newfoundland Basin showed evidence of very active vertical currents in the near-surface waters

with maximum velocities greater than 0.09 ms™'.

1. Introduction

When a warm water mass loses heat to an overlying
cool air mass, deep convective mixing may be induced.
Surface waters become cold and dense enough to sink,
in turn displacing waters from depth to the surface to
be subjected to the same cooling conditions. A well-
mixed, nearly homogeneous layer of water is the result.

Areas in the oceans where deep convection processes
have been observed are the subpolar North Atlantic
(McCartney and Talley 1982; Gascard and Clarke
1983) and the northwestern Mediterranean (Voorhis
and Webb 1970; Schott and Leaman 1991). Various
methods have been used to determine the vertical ve-
locities characteristic of upwelling and downwelling
convective plumes of seawater in regions of intense
cooling. Voorhis and Webb (1970) as well as Gascard
and Clarke (1983) deployed free-drifting isobaric floats
with vanes to induce a rotational motion in the pres-
ence of vertical currents; Schott and Leaman (1991)
used moored upward-looking acoustic Doppler current
profilers (ADCP) to observe convective events. In this
study, RAFOS glass-pipe technology (Rossby et al.
1986) is applied to measure the vertical velocities of
seawater undergoing buoyancy-driven convection.

A RAFOS float is a cylindrical glass pipe of approx-
imately 2 m in length and 0.1 m in diameter. The glass
housing contains electronics and instrumentation that
listen for sound (for use in tracking the float), measure
ambient pressure and temperature, store data, and
transmit the data to a satellite. A float’s mass may be
adjusted by adding or removing ballast so that the float
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will remain isobaric in water of a particular density.
When an isobaric float is in hydrostatic equilibrium,
it will remain on a constant pressure surface; since local
horizontal pressure gradients are very small, an isobaric
float will remain very nearly at a constant depth. If the
float is subjected to a vertical current, the drag force
induced on it by that current will displace the float
from its hydrostatic equilibrium depth. Knowing the
magnitude of the displacement (from pressure mea-
surements made by the float) and, hence, the buoyancy
restoring force, the vertical velocity of the current may
be estimated from a quadratic relationship between
the vertical velocity and the resulting drag force. While
this nonlinear relationship will cause a nonrotating
float’s measurements of small vertical velocities to be
less accurate than those measurements made with a
rotating float (Voorhis and Webb 1970; Gascard and
Clarke 1983), intense vertical currents may still be ac-
curately measured. Nonrotating floats that are released
in the mixed layer of a water mass that is undergoing
intense cooling can be used in a simple way to abtain
accurate measurements of the resulting convective
motions.

The water mass used to evaluate the technique es-
tablished in this study is the so-called 18°C water
{(Worthington 1959). The physical properties of this
body of water have been remarkably stable and well
defined for decades (Jenkins 1982). This well-known
water mass of the western North Atlantic is formed in
winter by deep convection due to intense cooling by
cold, dry continental air masses. The thermocline de-
veloped during the previous summer is eroded, expos-
ing the deep (200-400 m) 18°C waters to the cooling
process; the result is a well-mixed and nearly homo-
geneous water mass ( Talley and Raymer 1982).

Vertical velocities associated with convective mo-



'

610

tions have been observed to attain magnitudes on the
order of centimeters per second. Voorhis and Webb
(1970) and Schott and Leaman (1991) reported Mis-
tral-driven convective vertical velocity maxima of 0.025
and 0.10 ms™', respectively. Gascard and Clarke
(1983) observed peak vertical velocities of 0.09 m s™!
in the Labrador Sea.

2. Method

Free-drifting isobaric floats are used to measure
convective activity by their response to vertical cur-
rents. This concept is based on the probability that the
float will encounter upwelling and downwelling plumes
of seawater during times of intense cooling. From se-
quential pressure and temperature measurements made
by the float, the vertical velocity of the plume as well
as the amount of time the float spends within it can
be determined. When combined, these measurements
give a good estimate of the event’s intensity and a min-
imum estimate of its duration. The height and width
of these plumes cannot be determined.

An isobaric RAFOS float responds to vertical cur-
rents by being displaced from its hydrostatic equilib-
rium depth by a vertical drag force on the float (Fig.
1). From this response it is possible to estimate the
velocity of the vertical current to which the float is
subjected. It should be noted that no extra appendages,
such as vanes or drogues, were needed to convert a
standard RAFOS float to perform this new mission.
Only a minor software change was needed to adapt a
generic RAFOS float from its original role as a long-
range acoustic Lagrangian tracking device. To enable
greater storage of pressure and temperature data in the
limited memory of the float, the acoustic tracking of
these floats was not utilized in this study.
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FIG. 1. The forces acting on a RAFOS float. Vertical currents ( wyy
# 0) will induce a drag force that accelerates the float away from its
level of hydrostatic equilibrium Z,,, resulting in an increase in the
buoyancy restoring force.
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FIG. 2. Schematic float pressure and temperature records. During
period A, the float’s pressure and temperature records are active and
tend to be out of phase, indicating the presence of internal wave
activity. In period B, both the pressure and temperature records are
constant, indicating that there are no vertical motions active and the
float is at its hydrostatic equilibrium pressure. During C, the tem-
perature is constant but the pressure record exhibits short time-scale
fluctuations; this indicates that the float is in a well-mixed layer and
subject to convective motions.

A schematic representation of the pressure and tem-
perature measurements of an isobaric float responding
to vertical motions is depicted in Fig. 2. During period
A, the float’s pressure and temperature records show
relatively long period variations and are 180° out of
phase. This indicates that the float is in a stratified water
mass and subject to internal wave activity: an internal
wave crest will expose the float to denser water from
depth, causing the float to rise [with about one-third
the amplitude of the wave (Rossby 1988)]. As the float
enters period B, both the pressure and temperature
records are constant, indicating that there are no ver-
tical motions present and the float is at its hydrostatic
equilibrium depth. During period C the temperature
remains constant, but the pressure record exhibits short
time-scale fluctuations. This indicates that the float is
in a well-mixed, nearly isopycnal layer and subject to
large vertical motions, a signature of convective activ-
ity. The convective currents induce a drag force that
accelerates the float away from its hydrostatic equilib-
rium level. It is important to note that the velocity of
the float, estimated from a time difference of the pres-
sure record, will usually be an underestimate of the
velocity of the vertical current; when the float is moving
away from its hydrostatic equilibrium level, a vertical
current faster that the float velocity is needed to provide
the necessary drag force to match the increasing re-
storing force. To estimate the velocity of the vertical
current to which the float is subject, the relationship
between the drag and hydrostatic restoring forces may
be used.

Three RAFOS floats were deployed on 28 January
1990 from the R/V Endeavor, two floats from the
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freighter M/V Gleander on 9 February 1991, and one
float from the R/V Oceanus on 4 March 1991; all were
deployed in the 18°C water east of the Gulf Stream.
The floats were ballasted to be neutrally buoyant at a
depth of approximately 200 to 300 m. Every 20 and
30 min, for the 1990 and 1991 floats, respectively, the
ambient pressure and temperature were recorded in
the floats’ microprocessor memories. (The 1990 ex-
periment’s sampling interval of 20 min was chosen be-
cause a vertical current of 0.05 m s~ would move a
fluid parcel 60 m-—a distance less than that of the
mixed layer. A larger sampling interval was chosen in
1991 to increase the number of bits saved for each
measurement; this sacrifice was made because of some
dubious results from the 1990 experiment that were
later tied to an error in data retrieval.) At the end of
their 53-day missions, the floats surfaced and the data
were recovered via Systeme Argos, a satellite-based
platform location and data collection system.

3. Theory

By considering the forces acting upon a float in a
convecting layer, it is possible to develop an expression
for the velocity of the vertical currents that are incident
upon the float. The vertical momentum equation for
a float may written as

aP
- 6—2 - F, g + F drag s
where A is the float’s mass, ag.q; 1S the float accelera-
tion, dP/9z is the vertical pressure gradient in the water
column, F, is the force due to gravity, and Fye, is the
drag force induced by vertical currents.

It is convenient to group the vertical pressure gra-
dient force and the gravitational force into a buoyancy
force, Fouoyancy = —(0P/3z) — F,. The vertical pressure
gradient, due to the lower pressure at the top of the
float than at the bottom of the float, pushes the float
upward and acts against gravity, which is pulling the
fioat down. These forces will be equal and opposite if
M = V(p)pg, where V( p) is the float volume at pres-
sure p, p is the density of the seawater, and g is the
acceleration due to gravity. Therefore the float will have
no net acceleration if the mass of water it displaces is
equal to its own mass; this is Archimedes’ principle.
The net buoyancy force may be expressed as a function
of the displacement from the pressure at which this
hydrostatic equilibrium is achieved:

Maﬂoat = ( 1 )

Fbuoyancy = ('st - 'Yﬂoat)Vpg[p - peq]a (2)

where vy is the compressibility of seawater, yqoq: is the
compressibility of the RAFOS float, and p., is the hy-
drostatic equilibrium pressure. Since the float is less
compressible than seawater (ygoa < Ysw), at pressures
greater than pe, the float will displace a mass of seawater
greater than its own mass and will be subjected to an
upward restoring force. Likewise, at pressures less than
Deq the float will experience a downward restoring force.
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It is this condition that makes the float isobaric in a
homogeneous layer.

The total forces acting on the float as expressed in
Eq. (1) may now be rewritten more simply as

Maﬂoat = F buoyancy + F, drag-

(3)

This equation relates that a float in a mixed, convecting
layer is subject to two opposing forces: the drag force
induced by vertical currents that pulls the float away
from its equilibrium level, and the buoyancy force that
restores the float to hydrostatic balance.

The drag force is proportional to the square of the
relative velocity of the fluid, expressed as the difference
of the vertical current velocity w,, and the vertical float
velocity wyes:. The drag force is also highly dependent
upon the float’s geometry. Let C,;denote the drag coef-
ficient of the float and A4 be the cross-sectional area of
the incident end of the float, so that the drag force may
be written

(4)

By substituting Eq. (2) and Eq. (4) in Eq. (3), the
balance between the drag force and buoyancy force in
this one-dimensional system can be solved to reflect
the velocities of the float and the surrounding current
as

Fdrag == pCyA [ Wew — Wﬂoat] I Wew — Wﬂoatl .

N )=

2
p CdA

X [Maﬂcat - (75w - 'Yﬂoat)Vpg(p - peq)]- (5)

Note that the expression on the left-hand side of Eq.
(5) preserves the sign (the direction ) of the drag force.

Since estimates of wyq, and agea can be calculated
from the float’s pressure records and all other variables
are known, the vertical current velocity w,, may be
solved for algebraically.

(Wew = Wioat) | Wew — Waoat| =

4. Derived quantities

An important consideration when computing the
drag force is the value of the coefficient of drag C,.
The two ends of the RAFOS floats used in this study
are not identical: the top is rounded while the bottom
is blunt and has suspended from it a ballast/drop
weight. This necessitates the use of directional drag
coefhicients. The end of the float that the vertical current
is incident upon is used to determine which coefficient
to apply when calculating the vertical current velocity.

The coefficients were not measured explicitly in this
study, but have been estimated from a prototype float
that was designed to cycle repeatedly through an ap-
proximately 200-m-thick column of water (Hummon
et al. 1991). This behavior was accomplished by
changing the float’s volume mechanically by a pre-
scribed amount at regular intervals, thereby altering
its buoyancy and forcing it to move up and down in
the water column between corresponding density sur-



612

faces. Such a “cycling” float reaches terminal velocity
almost immediately after the float changes its volume
and begins moving to its new level of hydrostatic equi-
librium. This allows the use of the drag force relation,
Eq. (4), to quantify the difference of the drag coeffi-
cients for the top and bottom ends of the float. In this
way Cy for the top (rounded) end of the float was es-
timated as 1.13 and was estimated as 1.80 for the bottom
(blunt) end of the float. The geometry of a cycling float
and the RAFOS floats used in this study differ in a few
respects: the cycling float’s glass housing is 0.095 m in
diameter while the RAFOS float’s housing is 0.086 m
in diameter, and the ballast weight that hangs from
bottom of the cycling float has a rougher geometry than
that hanging below the RAFOS float. Thus, the coef-
ficients derived must be taken only as close approxi-
mations to those of the RAFOS floats used in this study.

Due to changes in the density of the surrounding
seawater, the pressure of the equilibrium level p,, for
a float will change with time and space. However, this
level may be identified from the float pressure data
during periods of low convective activity when the float
is very near its equilibrium level. When estimating this
level, a median filter was used; such a filter is optimized
for averaging data with a large error distribution. By
applying this filter in a running window of a large width
(60 points, i.e., 20 h for 1990 and 30 h for 1991 data),
those relatively few data representing large displace-
ments from equilibrium were excluded from consid-
eration, resulting in a more reliable estimate of the
equilibrium position.

Given the many types of vertical motion present in
the ocean and the difficulties in defining the exact
equilibrium level, a distinction must be made between
true convective events and other excursions from neu-
tral buoyancy. This distinction is made by examining
the float’s temperature record. In a convecting layer,
mixing is occurring, and the water mass should be es-
sentially homogeneous. This results in very small tem-
perature fluctuations despite large pressure fluctuations.
In a nonconvecting water mass, stratification is present,
resulting in large temperature fluctuations if the float
is pulled away from equilibrium. Mechanisms capable
of pulling the float away from hydrostatic equilibrium
in a stratified environment include, but are not limited
to, internal wave motion and shear-induced mixing,.

5. Errors

The errors related to the precision of the RAFOS
instrument are small. The pressure resolution of a RA-
FOS float is 1.0 X 10* Pa (corresponding to approxi-
mately 1 m of seawater), with an accuracy of +0.5
X 10 Pa. Temperature is accurate to within 0.1°C with
a resolution of 10 millidegrees (Rossby et al. 1986).
Vertical float velocities, estimated from a central dif-
ference of pressure, carry uncertainties of +5.9 X 10~
and +3.9 X 10™* m s™! for the 20-min sampling in-
terval of the 1990 floats and the 30-min sampling in-
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terval of the 1991 floats, respectively. The vertical float
accelerations, also calculated as a central difference,
have errors of +1.7 X 107% and +7.6 X 10~" m s ™2 for
the two years. These errors are very small due to the
averaging effect of the central differences over a large
sampling interval; however, this sampling scheme ne-
glects higher-frequency phenomena.

The two other sources of error inherent in the
method for estimating vertical velocity result from the
determination of the drag coefficient and the equilib-
rium pressure. The methods used to estimate these
quantities were enumerated in the previous section.
The resultant error for the drag coefficient is systematic,
while the error for the equilibrium pressure is random
in nature.

To investigate the random error in the vertical ve-
locity estimate, define a quantity

G = (Wsw — Wioat) | Wsw — Wioat|

(6)
and express Eq. (5) as

2 [Mp(t — At) — 2p(t) + p(t + At)

G —]
pCaA Ar?

= (Ysw — Yaoar)Voglp(r) — p(t)eq]] . (7N

The acceleration has been written in terms of a cen-
tral difference of pressure, enabling the error in G(6G)
to be written in terms of the errors in the pressure p(dp),
and in the hydrostatic equilibrium pressure peq(6peq)-
Equation (7) then takes the form

G+6G=pCdA

“ [M[p(t — A1) = 2p(1) +p(1 + A \/Eap]

At? T AL

= (Ysw — Ynoa) Vg D(1) £ 0p — P(1)eq = 6peq]} .

(8)
Thus, 6G is
2 Vo M
= 4+— | ——— —
oG —{pCdA [ A[Z 517 + ('st 'Yﬂoat)

X Vpg(dp + 6peq)” .9

For a known uncertainty in the pressure of §p = 1.0
X 10* Pa and an assumed, and likely overestimated,
error in the equilibrium pressure of §p., = 10.0 X 10*
Pa, the error in G is estimated to be 3.94 X 10 ™4 m? s 2,
Since the vertical current velocity wy, is proportional
to the square root of G, the maximum error in wg,
occurs when there is no float acceleration and the float
is at hydrostatic equilibrium. This maximum error is
estimated to be 6G'/2 = 0.019 m s™!. The error de-
creases rapidly as the magnitude of G increases; the
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influence of 4G is diminished by the application of the
square root to a greater argument. This fact is dem-
onstrated in Fig. 3. Therefore, during times of large
(>40 X 10 Pa) displacements from equilibrium, error
in the vertical velccity estimates will be less than 0.005
m s~ '. This situation is advantageous since the error
will be small when convection is occurring and will be
large only when there is no convection, a state of re-
duced interest to this study. Less fortunately, the error
limits the usefulness of the technique to studies of in-
ternal wave activity, although in this case the error in
Deq Would be much less than the 10 X 10* Pa assumed
previously.

The error in Cy stems from the previously discussed
approximation of its magnitude. Note that the esti-
mation of the vertical velocity depends on CY2, not
C, itself, thus reducing its contribution to the total er-
ror. A possible £25% error in C; would result in an
under-/overestimzate of the vertical velocity on the or-
der of millimeters per second for small displacements
from equilibrium, and less than .015 m s™! at large
displacements. This offset is shown in Fig. 3.

6. Results

All six floats completed their missions and data re-
trieval was successful. Several of the floats were even-
tually advected out of the western Sargasso Sea and
into the Gulf Stream, transporting them rapidly to the
northeast. One flozat crossed the Gulf Siream and spent
a third of its lifetime in the near-surface waters of the
Newfoundland Basin. The launch and surface infor-
mation for both the 1990 and 1991 floats is shown in
Table 1.

The floats were exposed to both homogeneous and
siratified water masses. A float in a stratified waier mass

0.03( —

0.025 i

160

P-Peq

F1G. 3. Error in vertical velocity estimates as a function of dis-
placement from equilibrium. For curves (a), (b), and (c), with as-
sumed errors in the equilibrium depth of 5, 10, and 20 m, respectively,
the magnitude of the error in the velocity decreases rapidly as the
magnitude of displacement increases. Curves (d) and (e) denote the
difference of vertical velocity estimates computed with two different
drag coeflicients, demonstrating the offset produced by a systematic
error in Cy. The velocities computed with a +25% (d) and a —25%
(e) error in Cyenq differ by millimeters per second. The use of a greater
C, will therefore result in an underestimate of the vertical velocity.
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TaBLE 1. Launch, surface positions, and dates
for the floats used in this study.

Launch position Launch date

Float number Surface position Surface date

229 36°42.5'N, 69°20.2'W 9 February 1991
37°11.8'N, 70°44.0W 2 April 1991

230 36°47.5'N, 69°20.2°W 9 February 1991
44°58.4'N, 43°58.3'W 2 April 1991

231 36°05.1'N, 70°03.7W
38°22.7N, 51°22.7W

4 March 1991
26 April 1991

234 35°22.8N, 70°01.5W 28 January 1990
37°21.4'N, 66°05.0W 21 March 1990

235 36°11.6'N, 70°29.1'W 28 January 1990
35°02.0'N, 62°16.7W 21 March 1990

236 36°30.0N, 70°29.0W 28 January 1990

36°26.6'N, 69°01.6W 21 March 1990

is subject to internal wave activity that is characterized
by undulatory pressure records with corresponding
changes in temperature. Conversely, a float in a ho-
mogeneous water mass exhibits a pressure record with
no wavelike behavior, and temperature fluctuations are
on the order of hundredths of a degree. Evidence of
convective currents is to be expected only in homo-
geneous waters (Leaman and Schott 1991).

Since the floats were not acoustically tracked in this
study, the temperature records, coupled with the pres-
sure records, play a vital role in determining the ap-
proximate location of the floats. The complete pressure
and temperature records for 1990 float 235 and 1991
float 230 are shown in Figs. 4 and 5. These two records
were chosen from all six floats’ records because they
encompass a wide range of water masses and accom-
panying float behaviors. Both floats began their mis-
sions in the 18°C water and were eventually advected
into the Gulf Stream, as indicated by the gradual
shoaling and decrease in temperature that occurs after
approximately day 55 for float 235 and day 69 for float
230. (These changes are consistent with their subse-
quent surface locations.) Note the shallow (<200
X 10*Pa) neutral buoyancy pressure of float 235 while
it was in the Sargasso Sea; as a result of a slight error
in ballasting, this float remained in the warmer
(>19°C) upper-ocean waters. Float 230 is unique in
the fact that it found its way into the much cooler,
denser Newfoundland Basin waters after day 76, where
it approached the surface.

The records shown in Fig. 4 and Fig. 5 offer a great
deal of information describing upper-ocean processes.
While it is outside the scope of this paper to scrutinize
the entire float records (as well as those of the other
four floats), several interesting events warrant closer
inspection. An excellent description of float 235’s tran-
sition from a stratified water mass to a mixed region
may be seen in Fig. 6. The float records prior to ap-
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F1G. 4. Pressure (top) and temperature ( bottom) for RAFOS float
235. Note the internal wave activity evident for much of its lifetime
and convective activity at days 70-72. Float 235 left the 18°C water
after day 55 and shoaled as it encountered the cooler waters to the
northeast.

proximately day 69.7 exhibit internal wave-like pres-
sure and temperature fluctuations, characterized by a
180° phase difference: when the float shoals, the tem-
perature decreases. After day 69.7 the temperature was
essentially constant and the pressure fluctuated rela-
tively slightly, suggesting that the float encountered a
previously mixed patch of water. Also note the inac-
curacy inherent in the vertical velocity estimate, due
to the small displacements from the estimated hydro-
static equilibrium level.

Figure 7 depicts an intense convective event in the
life of float 230. Note the large (>40 X 10* Pa) upward
excursion of the float in the water column, accompa-
nied by no change in temperature. The upwelling
plume of water is estimated to have attained a vertical
velocity of 0.042 m s™'. The duration of this event

10%Pa

degrees C

1910 50 60 70 80 90

day of year 1991

FIG. 5. Pressure (top) and temperature ( bottom) for RAFOS float
230. The float left the 18°C water after day 69 and entered the New-
foundland Basin after day 76. In the cold, dense water the float shoaled
and approached the surface where it experienced intense vertical cur-
rents. Note the convective activity (especially at days 53, 62, and
after day 76) and the internal wave activity (especially at days 50—
52 and 69-71).
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FIG. 6. Pressure [+] and hydrostatic equilibrium level [line] (top),
temperature (center), and vertical current velocity (bottom) for RA-
FOS float 235. On approximately day 69.7, the float leaves a stratified
region (characterized by internal wave activity) and enters a ho-
mogeneous region of weak convective activity.

may be conservatively estimated to be 2 h; the float
was in the plume for at least that period of time. Im-
mediately following this intense event, milder convec-
tive mixing appears to have continued (Fig. 8) for
longer than a day. The float often experienced vertical
velocities in excess of 0.02 m s™!. The temperature of
the water again remained almost constant to within
the resolution of the float’s thermistor.

Float 230’s transit into the Newfoundland Basin is
shown in Fig. 9. The float encountered a frontal region
at day 76.5, entered the cooler waters, and shoaled.
Note the large temperature fluctuations suggestive of
interleaving water masses at the frontal region. The
temperature record becomes more stable after day 77,
and the float’s vertical excursions are large and rapid.
The float experienced these conditions for the remain-
der of its mission with only a few respites from vigorous
mixing. In Fig. 10, there is further evidence of high-
velocity vertical motion as well as thermal patchiness
near the surface. Especially note the temperature in-
crease of approximately 1°C associated with no ap-
parent density decrease on day 84.3 (the warm water,
if it were as salty as the previously encountered waters
and therefore less dense, would have caused the float
to sink ). The maximum estimated vertical current ve-
locity —0.093 m s™! occurred on approximately day
83.4. Since the float was often very near, and sometimes
on, the surface, convective activity cannot be assumed
to be the only mechanism for generating the observed
vertical currents; wind-induced mixing (e.g., Langmuir
cells) may also contribute to the near-surface vertical
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FIG. 7. Pressure [+] and hydrostatic equilibrium level [line] (top),
temperature (center), and vertical current velocity (bottom) for RA-
FOS float 230. Prior to day 62, the float is in a stratified water mass,
exhibiting pressure and temperature fluctuations characteristic of in-
ternal wave activity. Note the large displacement from equilibrium
at day 62.2, indicative of an intense upwelling plume of water; the
temperature was constant and the vertical velocity was estimated to
have reached 0.042 m s™'.
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FIG. 8. A closer examination of the period following the intense
convective event depicted in Fig. 7. Note that the undulatory pressure
record (top) is accompanied by very small temperature fluctuations
(center). The short time scale of the pressure fluctuations coupled
with the nearly constant temperature are suggestive of convective
activity.
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FIG. 9. Convective activity in the near-surface waters of the New-
foundland Basin. After the float passes through a frontal region and
enters the cold, dense waters of the Newfoundland Basin (after day
76.5), the float shoals to the near surface. Pressure (top) and vertical
velocity (bottom) show evidence of an actively mixing layer. While
variations in temperature (center) are small, the temperature is not
constant despite the obvious mixing activity; this suggests horizontal
nonuniformity in water mass properties near the surface.

motion. The fact that the temperature was not more
constant despite the obvious mixing activity suggests
horizontal nonuniformity in water mass properties near
the surface.

While not all of the floats deployed for this study
detected convective activity, most experienced well-
defined convective events with both large upward and
downward velocities. Some of these events were short-
lived, with only one or two pressure or temperature
measurements that suggested convective activity. In
these cases, the event’s duration is known only to be
less than the sampling interval: sampling pressure and
temperature once every 20 or 30 min is insufficient for
an adequate description of the convective event.

7. Discussion

The primary objective of this study was to evaluate
a simple technique for monitoring convection in deep
mixed layers. The method is very similar to the tech-
niques employed by Voorhis and Webb (1970) and
Gascard and Clarke (1983), both of which were ship-
deployed and -tracked float techniques. The approach
here was to adapt the standard RAFOS float technology
to the measurement of vertical velocity for extended
periods of time. It was decided not to add the slanted
vanes and compasses (to measure the rotation of the
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FIG. 10. More convective activity in the near-surface waters of the
Newfoundland Basin. The largest observed vertical velocity of —0.093
m s~ occurs at day 83.4. Note the nonhomogeneity of the waters,
especially at day 84.3 where there is a large (=~1°C) increase in tem-
perature with no apparent decrease in density. Since the float was
often very near (or on) the surface, convective activity cannot be
assumed to be the only mechanism for generating the observed vertical
currents; wind-induced mixing (e.g., Langmuir cells) may account
for some of the near-surface vertical motion.

float induced by a vertical flow) that were used in the
previous studies so that no modifications to the RAFOS
float design would be necessary. The idea was to rec-
ognize that vertical motion will pull the float away from
its equilibrium depth. The resulting depth change is a
measure of the quadratic drag acting on the float, and
using a suitable model, it is possible to recover the ver-
tical velocity. As a result, due to the nonlinear nature
of the technique, the method is most effective for the
measurement of large vertical velocities characteristic
of deep convective motion. While the technique clearly
has limitations for the study of small-amplitude mo-
tions such as internal waves, its simplicity and low cost
makes it attractive for the study of deep convection
and mixing in regions that are otherwise difficult to
access and monitor.

The RAFOS float technology that was in use at this
study’s inception had a memory limitation of 8 kB,
which was adequate for its original purpose. For this
study, however, it was a serious limitation. (Systeme
Argos imposes another constraint in that the data
transfer rate to the satellite is low, typically 1 kB day~'.)
To extend the duration of the experiment for as long
as possible, the sampling interval was set at 20 and 30
min in 1990 and 1991, respectively. It was thought
that 20 min would be a reasonable compromise: at
0.05 m s™! a fluid parcel moves 60 m, or a distance
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less than the depth of the mixed layer. It is clear, how-
ever, that there can be very substantial accelerations
during this time. Unfortunately, since the acceleration
is computed as a second difference over twice the sam-
pling interval, it may be significantly underestimated.
Nonetheless, the results are encouraging, and it is clear
that better preprocessing of the raw data is required to
meet future accuracy and resolution requirements
while keeping the data storage and transmission re-
quirements to a minimum. For example, one might
sample frequently about a point in time, compute the
float velocity and acceleration in situ, and save tem-
perature and pressure as offsets to infrequently saved
full measurements. In this way, not only can higher
frequencies be resolved, but a more accurate picture
of the convective activity will be obtained. It may also
be desirable to monitor the location of the floats during
their missions through infrequent acoustic tracking.

The simple time series provided by these instruments
can be used to infer intensity, duration, and inter-
mittence of deep convection. The corresponding tem-
perature record, when coupled to the pressure data,
can be used to discriminate between convection and
internal wave activity. Although internal waves are not
well measured, they can be recognized by the much
larger temperature fluctuations and the characteristic
phase relationship with pressure: when the float shoals,
the temperature decreases. For the case of weak accel-
eration, the pressure perturbation will be proportional
to the square of vertical velocity for convection, while
for internal waves it will be proportional to the wave
amplitude. When the changes are rapid, then the ac-
celeration becomes an increasingly important correc-
tion.

Several convective events characterized by upward
and downward vertical currents of magnitudes nearing
0.05 m s™! and durations extending up to 2 h were
detected in the western Sargasso Sea. Strong vertical
current activity was similarly detected for long dura-
tions in the near-surface waters of the Newfoundland
Basin, with vertical velocities in one case exceeding
0.09 m s~!. These findings are consistent with past ob-
servational work on mixed-layer oceanic convective
processes.

These results are encouraging. By using off-the-shelf
RAFOS float technology, a simple technique has been
developed for measuring convection and other upper-
ocean processes in inaccessible areas for long periods
of time. This technique is optimized for the detection
and measurement of intense vertical currents. Further
refinements in the sampling procedure for future stud-
ies should increase the accuracy of the measurement
of vertical float acceleration and allow for better res-
olution of high-frequency phenomena.
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