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ABSTRACT

During December 1991 to April 1992 measurements with moored acoustic Doppler current profiler (ADCP)
stations and shipboard surveys were carried out in the convection regime of the Gulf of Lions, northwestern
Mediterranean. First significant mixed layer deepening and generation of internal waves in the stratified inter-
mediate layer occurred during a mistral cooling phase in late December. Mixed layer deepening to about 400
m, eroding the salinity maximum layer of saltier and warmer Levantine Intermediate Water and causing tem-
porary surface-layer warming, followed during a second cooling period of late January.

During a mistral cooling period from 18 to 23 February 1992, convection to 1500-m depth was observed,
where the size of the convection regime was 50~100 km extent. Vertical velocities 40—-640 m deep, recorded
by four ADCPs of a triangular moored array of 2 km sidelength in the center of the convection regime, exceeded
5 cm s 7! and were not correlated over the separation of the moorings. Horizontal scales estimated from event
duration and advection velocity were only around 500 m, in agreement with scaling arguments for convective
plumes. Plume activity during nighttime cooling was larger than during daytime. Significant evidence for rotation
of the plumes could not be found. Overall, plume energy, and the degree of mixing accomplished by them, was
much lower than observed during a stronger mistral in February 1987.

The mean vertical velocity over the mistral period, determined from the four ADCPs, was near zero, confirming
the role of plumes as mixing agents rather than as part of 2 mean downdraft in a convection regime. The cyclonic
rim current around the convection regime was confined to a strip of <20 km width with an average velocity of
about 10 cm s, which is in agreement with near-zero vertical mean velocity in the interior based on potential
vorticity conservation. A relation between variations of the larger-scale cyclonic North Mediterranean Current
along the boundary and the deep convection could not be identified. An unexplained feature still is the cover of
the convection regime by a shallow layer of light water that moves in rather quickly from the sides after the
cooling ends.
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The Gulf of Lions, northwestern Mediterranean, is a
region where deep convection occurs during most win-
ters and, beginning with the now-classic MEDOC ex-
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periment 1969 (MEDOC Group 1970), the presence of
near-homogeneous water bodies in the region has been
documented several times (e.g., Gascard 1973, 1978;
Leaman and Schott 1991). As the early MEDOC stud-
ies already showed, the situation leading to deep con-
vection in the northwestern Mediterranean has as its
basis the permanently present cyclonic structure of the
circulation in the Gulf of Lions: the North Mediterra-
nean Current (NMC) flows westward along the French
coast, supplied in the east by two current branches that
pass on both sides of Corsica (Astraldi and Gasparini
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1992). In the west, the NMC partially continues south-
ward along the Spanish coast, partially it turns offshore
and recirculates eastward around the Gulf of Lions.
This cyclonic circulation leads to a doming of the iso-
pycnals with shallowest mixed layer depths in a band
along about 42°N. Underneath, and separated from the
surface by a layer of warmer, saltier Levantine Inter-
mediate Water (LIW) in the depth range 300—-600 m,
lies the weakly stratified Western Mediterranean Deep
Water (WMDW). The second essential ingredient is
the occurrence of cold and dry winds that blow from
the land over the isopycnal dome: the mistral out of the
Rhone valley and the Tramontane from the Pyrenees.
With continued cooling during the early phase of win-
ter, the upper layer continues to cool, deepen, and en-
train water from below. Finally, typically around mid-
February, stability against the weakly stratified sub-
layer is reduced enough for deep convection to set in,
in conjunction with mistral or Tramontane events. In
early winter, the distribution of increased surface salin-
ity caused by the upward mixing of LIW (easily mea-
sured by shipboard thermosalinograph) is a good in-
dicator of the region where deep convection may occur
later in the winter season.

For nearly two decades after the early MEDOC ex-
periments, lack of technical innovation to measure ver-
tical currents with moored instrumentation prevented
studies of the detailed small-scale processes associated
with deep convection. The first experiment with
moored acoustic Doppler current profilers (ADCPs),
carried out by Schott and Leaman (1991, henceforth
called SL91) in the Gulf of Lions in 1987 showed that
small-scale convection cells (‘‘plumes’’) may occur
when an existing deep-mixed regime is cooled again at
the top. From the time that it took for a plume to be
advected past the ADCP station by the mean flow,
SL91 estimated the horizontal scale at <1 km. Subse-
quent tank experiments ( Coates et al. 1995; Maxworthy
and Narimousa 1994) and nonhydrostatic numerical
modeling (Jones and Marshall 1993) supported the ex-
istence of such small-scale plumes in homogenized
convection regions during the presence of surface cool-
ing. These studies also suggested the importance of ro-
tation in constraining the horizontal scale of the
plumes. However, the laboratory models obtain a much
larger depth of the mixed layer at which the rotational
control becomes effective than the numerical model
simulations. Scaling arguments were developed that
provided a dependence of the horizontal scale and
downward plume velocity on two external parameters,
rotation and surface buoyancy flux. Vorticity conser-
vation would require that rotationally controlled
plumes rotate cyclonically on top and anticyclonically
at depth. The overall effect of convection within the
~ deep-mixed regime should lead to enhanced cyclonic
upper-layer rotation around the entire convection do-
main and anticyclonic rotation at depth, which was ob-
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served both in nonhydrostatic (Jones and Marshall
1993) and hydrostatic (Madec et al. 1991) models. On
the other hand, vorticity conservation at the scale of the
convection region requires that only small net down-
welling should exist in the interior. Consequently,
plumes should only act as mixing agents rather than
transporting water masses downward in a mean motion
(Send and Marshall 1995).

In 1987, when the convection studies of SL91 and
Leaman and Schott (1991, hereafter LS91) were begun
on 20 January, a previous mistral, occurring during 10—

12 January, had already caused a deep-mixed regime
of >50 km horizontal extent. The convection region
shrunk during the calm weather of early February and
expanded again by a second mistral during 17—-23 Feb-
ruary to the extent marked in Fig. 1, that far exceeded
the size of the deep-mixed regime (then called ‘chim-
ney’’) observed during MEDOC 1969 (Fig. 1). In the
ADCP observations of SL91, a mean downward mo-
tion of about 1 cm s~ in that deep-mixed regime was
measured at the one ADCP position over the one-week
duration of the mstrali cooling period, which was con-
sidered significantly different from zero and used to
infer a mean downward transport in the convection re-
gime.

A similar study with moored ADCPs in the central
Greenland Sea in winter 1988/89 (Schott et al. 1993)
yielded more details on the convection processes. Sim-
ilar to the Gulf of Lions, preconditioning there is
achieved by cyclonic circulation around the central
Greenland Sea combined with upward mixing of
warmer saltier intermediate waters of Atlantic origin
and subsequent mixed layer cooling. In late winter, de-
veloping out of a homogenized mixed layer pool of
about 400-m depth and 50-km extent in the central
Greenland Sea, plumes were observed down to 1400
m by moored ADCPs during an intense cooling phase.
In contrast to the findings of SL91 though, vertical
mean currents during the convection phase, measured
by three ADCPs at different positions and depths, were
zero and the plumes did not mix the depth range 400—
1400 m to a homogeneous water body. Hence, in con-
trast to the complete mixing case of 1987, this was a
case of incomplete mixing by the plumes. Another ob-
servation at both convection sites was that density steps
were not observed in CTD profiles at the bottom of the
convective regime, indicating that plume mixing was
nonpenetrative in those cases.

During 1991/92 a new convection experiment was
carried out in the Gulf of Lions (THETIS Group 1994).
The experiment included an acoustic tomography array
(T1-T6, Fig. 1), deployed from December to late
April to use acoustic ray propagation for mapping strat-
ification changes associated with convection (Send et
al. 1995). A triangular ADCP array of 2-km sidelength
was located in the center of the potential convection
regime (A1, A2, T6; set in Fig. 1). One of the moorings
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F1G. 1. Topography of the Gulf of Lions and positions of moored stations (for small-scale triangle see inset);
also marked are boundaries of deep-mixed regions in Februaries of 1969, 1987, and 1992.

was also equipped with thermistor strings and conduc-
tivity recorders for stratification measurements. Fur-
ther, two moorings were deployed in the northern
boundary current (A3, T1, in Fig. 1) to measure hori-
zontal currents and transport variations that might oc-
cur around the convection regime in conjunction with
the above described circulation changes. The tomog-
raphy moorings (T2-TS5, Fig. 1) also carried additional
current and temperature recorders at selected depths.
Shipboard surveys (by three research vessels, the
French vessel Le Suroit of IFREMER, as well as the
German vessels Poseidon and Valdivia) were carried
out several times during the deployment period. The
Poseidon survey happened to fall into the main mistral
cooling period during 18-23 February, and small-scale
CTD measurements (tow-yos) were carried out in the
convection zone in an attempt to map changes at the
plume scale.

From the tomography inversions of Send et al.
(1995), it was estimated that the convection due to the
mid-February 1992 mistral mixed an area of approxi-
mately 60-km radius to a mean depth of about 1500 m,
corresponding to an annual deep water renewal rate of
0.3 Sv (Sv = 10°m’s™"). A similar estimate was ob-
tained by Rhein (1995) from Freon-F11 and F12

budget calculations for the convection region. In the
present paper we will address the development of at-
mospheric forcing over the winter 1991/92 and the cor-
responding changes in stratification and water mass
properties, which are spatially much more inhomoge-
neous than in the ‘‘super-mistral”’ year of 1987. We
will then discuss the changes of mean circulation and
mesoscale variability associated with the occurrence of
deep convection. Finally, the vertical velocities ob-
served by the small-scale ADCP mooring array are pre-
sented, and we conclude on their spatial structures.

2. The moored and shipboard measurements

In the triangular array in the center of the convection
regime, one mooring, station Al, was equipped with
two ADCPs. One was looking upward toward the sur-
face from 300 m; the second one was located just un-
derneath and looking downward. Combined, they pro-
vided a joint vertical measurement range of about 600
m. Temperature stratification of the upper several hun-
dred meters at station Al was recorded by two therm-
istor strings. One covered the range 50-250 m at 20-
m resolution; the second one the range 340-740 m at
40-m resolution. However, the thermistor strings
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stopped recording in early February 1992. Although
they thus missed the major convection event described
in the following, the cooling episodes of the precon-
ditioning phases were still well documented. For con-
ductivity/salinity recordings, station Al was equipped
with four Seacat recorders at 322-, 1002-, 1400-, and
1802-m depth.

The other two moorings of the central array, A2 and
T6, were each equipped with one ADCP looking down-
ward from 300 m to observe horizontal structures at the
2-km scale during convection activity. From the SL.91
and Schott et al. (1993), estimates of horizontal scales
from advection timescales, as well as from the scaling
arguments recently advanced, it was to be anticipated
that the array spacing of 2 km might be too large to
resolve plumes. However, array resolution might be
sufficient at a later stage when deep-reaching baroclinic
eddies, to be expected from modeling results (Jones
and Marshall 1993), had developed.

The nominal vertical bin length of the upward fook-
ing instrument (A1U) was 8.8 m; for the three down-
ward-looking ADCPs (A1D, A2, T6), it was 17.6 m.
To resolve the fluctuations in the period range of an
hour or so, the ensemble time interval for the ADCP
sampling was set at 12 min, with 125 pings per ensem-
ble. All four ADCPs delivered good data for the entire
recording period. The various recorded attitude param-
eters (pitch, roll, orientation) as well as depth (evalu-
ated from the traveltime of the surface backscatter sig-
nal) showed that the instruments were sitting still in the
water with only small vertical excursions, only low ro-
tations around their vertical axes, and small inclinations
during individual deep-reaching horizontal-current
events. Below the ADCPs, rotor current meters ( Aan-
deraas) were deployed at 1000 and 1800 m, where the
purpose was to observe the change of vortex rotation
with depth, should rotating plumes or eddies with re-
solvable scales pass the array.

Cruises in the convection region were carried out by
three research vessels. There were three cruise legs by
Le Suroit, during 26 November—7 December 1991, 7—
16 January 1992, and 11-24 April 1992. Valdivia
worked during 7-23 December 1991, and Poseidon
during 18 February—10 March 1992. Poseidon and
Valdivia were equipped with a Neil Brown CTD and
rosette, as well as a shipboard ADCP, while Le Suroit
employed a Seabird CTD, although without water sam-
pling, and also was without an ADCP. Water mass
studies by Freon analysis were carried out on the Val-
divia and on Poseidon cruises (Rhein 1995).

The moored arrays were deployed during the No-
vember/December 1991 cruises of Le Suroit and Val-
divia and retrieved in April 1992 by Le Suroit. Due to
malfunctioning of the tomographic instruments (THE-
TIS Group 1994), all of the stations T1-T3, T5-T6,
and A2 had to be retrieved in February for repair, which
caused some gaps and instrument position changes and
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also reduced the time that could be spent on shipboard
surveys of the convection regime in February.

3. Development of stratification and deep convection
a. Meteorological conditions

The meteorological stations at the coast (Fig. 1) that
well indicate the presence of the mistral and Tramon-
tane winds, are Pomegues and Cap Bear, respectively
(SL91). Wind vectors for both stations are shown in
Fig. 2a, air temperatures in Fig. 2b. Also shown are the
corresponding data and heat flux components (Fig. 2c)
from the French Peridot model for a grid point near the
small-scale mooring triangle. The model data are avail-
able as 12-h averages; horizontal resolution is 20 km.
Comparisons with estimates from shipboard meteoro-
logical measurements during the Valdivia and Posei-
don surveys showed significant biases in the latent and
sensible heat flux components of the Peridot model,
resulting from an underestimation of wind speed. In the
total heat budget, this underestimation is nearly com-
pensated by an overestimation of outgoing longwave
radiation. This disagreement has also been found for
annual averages over the western basin by Martel and
Martel (1994), in a comparison of Peridot heat fluxes
with those from other sources (e.g., Garrett et al.
1993). A mean correction of 15 W m™2 has been ap-
plied to the longwave radiation in Fig. 2c for better
agreement with the mean shipboard fluxes. For indi-
vidual mistral cooling episodes, the correction to both
sensible and latent heat flux components in the Peridot
time series (Fig. 2c) was estimated at about 30%.

Several events of strong winds blowing from the
land over the Gulf of Lions occurred during the winter
of 1991/92: The first strong wind period of the season
happened at both coastal stations during 17-30 De-
cember, with a brief pause during 26-28 December.
Peridot wind stress shows a pattern similar to the
Pomegues land station. During the first part of this
strong wind episode, the temperatures actually show a
warming trend and then drop but not too much below
the initial temperature. Yet, due to the high wind speed,
the sensible and latent heat loss in the model total more
than 400 W m™2 during three days of the strong wind
phase. The second period of strong offshore winds oc-
curred during 22-23 January. This event was accom-
panied by near-zero temperatures at Cap Bear but not
at Pomegues, while Peridot temperatures over the mea-
surement area showed a minimum of 8°C, and conse-
quently Peridot heat loss reached only 350 W m™2.

During 18-23 February, a mistral event with coastal
night temperature minima near 3°C occurred, expressed
by two 400 W m~2 heat loss maxima in consecutive
nights in the Peridot model data. Subsequently, tem-
peratures increased steadily with increasing solar ra-
diation until another cooling period during 24-30
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March interrupted the seasonal warming. The final
cooling episode of up to 600 W m~? heat loss occurred
during 20-24 April—that is, shortly before the end of
the recording period of our mooring triangle. As men-
tioned above, the cooling spikes in Fig. 2¢ would need
an addition of about 30% for agreement with other
measurements.

b. Development of stratification

Several ship CTD surveys were carried out during
late November 1991 to April 1992. The initial CTD

model at 42°N, 5°E; (b) same as (a) but for air temperatures. (c) Heat flux

surveys by Le Suroit and Valdivia showed the well-
known preconditioning dome with its elongated center
along approximately 42°N. A meridional section
through the dome along 5°E demonstrates the doming
of potential temperature (Fig. 3a) and of isopycnals
(Fig. 3b) with a maximum elevation of the dome just
north of 42°N. The temperature maximum of the LIW
is present across the entire section (Fig. 3a). This strat-
ification stayed intact through January, as documented
by a large-scale survey of the region carried out by
R/V Le Suroit. However, mixed layer density had in-
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FiG. 3. (a) Sections along 5°E of potential temperature (with LIW temperature maximum indicated by open circles) for 12—18 December
1991. (b) Potential density for 12—-18 December 1991. (c) As in panel a but for 20~22 February 1992. (d) As in panel b but for 20-22

February 1992.

creased by that time and the mixed layer in the center
of the dome had deepened. Warmer, more saline LIW
had been mixed upward and cooled. As a result, the
stability to the weakly stratified deeper layers had been
reduced.

At the time of the next survey, by R/V Poseidon, a
near-homogeneous water body was found along that
same section (Figs. 3c,d) between 42°00'N and
42°30'N. The potential temperature distribution for
20-22 February 1992 (Fig. 3c) shows an almost com-
plete “‘chimney’’ of water colder than 13.0°C between
about 1000-m depth and the sea surface at about
42°10'N. The temperature maximum of the LIW was
slightly reduced and tilted upward at the northern end
of the convection region. Although along the entire sec-
tion the surface density increased compared to Decem-
ber, the density stratification was eroded (Fig. 3d) only
over a restricted part of about 50 km extent north
of 42°N.

From the CTD profiles, combined with XBT and
XCTD data, the spatial distribution of the convection

was determined for the periods 18-22 February (Fig.
4a), 23 February—2 March (Fig. 4b), and 3—-9 March
(Fig. 4c). The convection depth was identified by the
extent of the profiles for which the potential tempera-
ture was vertically constant within *+0.05°C. This po-
tential temperature range is larger than the 0.02°C used
by Swallow and Caston (1973), but in 1969 the con-
vection was more homogeneous than in 1992. In the
CTD casts, a temperature step at the bottom of the ho-
mogeneous part of the profile was accompanied by a
salinity step with both steps largely compensating in
density. In March, a few CTDs showed two convection
depth layers with a temperature offset of more than
0.05°C. In this case both layers were regarded as con-
vection regimes. As the CTD measurements often
started a few meters below the sea surface, gradients in
the upper few meters were neglected.

During 18-22 February 1992 (Fig. 4a) the extent of
the mixed patch along 5°E reached from 41°50'N to
42°25'N, thus covering the ADCP array near 42°N
(Fig. 1). The mean potential density of the deep-mixed
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stations was 29.100, with the slight inversion above
800 m indicating continuing buoyancy flux (Fig. 5a).
Potential temperature within the deep-mixed patch was
12.95°C and salinity 38.48 (Fig. 5a). Except for the
northwest, where the CTD stations did not reach far
enough coastward to locate the edge of the patch, the
convection region was surrounded by a regime of about
25-km width, where convection water was observed
below a surface stratified layer, typically in the depth
range 200 to 700 m (Fig. 4a). At this time the typical
convection depth within the patch was 800 m (Fig. 5a),
with two stations reaching 1000 m.

FiG. 4. Extent of deep-mixed regime and convection depths
during (a) 18-22 February 1992, (b) 23 February—2 March
1992, and (c) 3—9 March 1992. The solid line shows the re-
gion of convection from the surface, while the broken line
indicates convection water below a stratified layer in the upper
ocean. The number at the solid line indicates the typical depth
of the convection; the numbers at the broken line the typical
depth ranges of convection water. In (a) crosses indicate XBT
locations, in (b) and (¢) XCTD locations. Dots indicate CTD
stations; dots connected by broken line are CTD tow-yos.

In the following days, 23 February to March 2
(Fig. 4b), the convection reached down to 1500 m
depth with a typical depth of 1400 m, centered again
at 42°N, 5°E. The patch mean potential density had
increased to 29.104 (Fig. 5b), the potential temper-
ature was 12.88°C, and the salinity 38.47. The sur-
rounding ring of convection water, disconnected
from the surface (typically between 200 and 1400 m)
extended mainly to the south and west, while to the
north and east this region was very limited. In the
week of 3 to 9 March (Fig. 4c), no homogeneity was
clearly observed up to the sea surface. Only the
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northwestern station at 42°20’'N, 4°30'E showed a
disturbed convection profile between 50 and 1500 m.
In the interior, remainders of the convection were
typically found between 500- and 1300-m depth.
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FIG. 5. (a) Mean profiles and standard deviations of poten-
tial temperature (upper left), salinity (upper right), potential
density (lower left), and T, S diagram (lower right) for begin-
ning of convection (20-22 February). (b) As in (a) but for
phase of maximum convection extent, 25-26 February. (c)
Series of CTD profiles from tow-yo section along 5°E, north
of 42°N (Fig. 4b): potential temperature (top, rel. 12.79°C);
salinity (middle, rel. 38.44); potential density (bottom, rel.
29.10).

This layer was most pronounced to the northeast and
south, while at the center of the previous convection,
at 42°N 5°E, no convection water was present. The
regimes indicated by the dashed lines compare well
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with the estimates from the tomography array (Send
et al. 1995).

The depth and composition of the convection patch
in 1992 was quite different from the 1987 case. The
mixing in 1992 only reached to approximately 1500-
m depth, compared to 2200 m in 1987. Further, the
1992 convection was a case of ‘‘incomplete mix-
ing,”” because significant differences in water mass
properties among closely spaced stations were ob-
served in CTD ‘‘tow-yos’’ (Fig. 5c). While the po-
tential density of the convection water was 29.102—
29.103 in that small tow-yo segment through the
convection patch, the ranges in temperature, at
12.87-12.98°C, and salinity, at 38.45-38.48, were
quite substantial, compared to the near-homogeneity
in 1987 (L.S91). Similarly, the profile standard de-
viations in Figs. 5a,b are large in T and S, while
small in oy.

The convection, as observed in the CTD profiles,
did not show signs of entrainment at the bottom of
the homogeneous layers; that is, although steps in the
salinity and temperature profiles were frequently ob-
served, density steps were not (e.g., Fig. 5¢). Hence,
convection was nonpenetrative, as already observed
earlier in that convection regime (Anati 1971;
LS91).

A yet poorly documented and not understood phe-
nomenon following convection periods, especially un-
der weak meteorological forcing conditions is the mov-
ing in, from the sides, of a thin stratified surface layer
of warmer water. This ‘‘capping’’ was previously de-
scribed by LS91 and SLO91 in relation to the drastic
shrinking of the surface area occupied by convection
water during weak winds of late January to early Feb-
ruary of 1987. Due to the surface trapping of the acous-
tic rays for all possible stratifications in the Gulf of
Lions the tomography experiment was particularly use-
ful for measuring the capping; and, as shown by Send
et al. (1995), the intrusions of warm surface waters
filled wide parts of the convection patch of Fig. 4. The
capping was destroyed again by the cooling period of
late March (Fig. 2c). The mixed layer model runs of
Mertens (1994 ) that yielded good agreement of the sea-
sonal development of convection depth and convection
temperature with the observations until February failed
to reproduce the capping, thus supporting the conclu-
sion that it is caused by lateral advection. From the
CTD profiles as well as the near-surface ADCP data no
satisfactory results on the physics of the capping pro-
cesses could be gained, so far.

The temporal development from December to Feb-
ruary, leading to deep convection, can be seen from a
contour plot of thermistor string temperatures recorded
during the preconditioning phase, through early Feb-
ruary, at station Al in the depth range S0—740 m (Fig.
6a), and from the time series of temperature and salin-
ity from several depths between 50 and 1800 m at that
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station T3. (e) Same as in panel b but for station T5.

station over the entire observation period (Figs. 6b,c).
The first cooling episode in late December (Fig. 2¢)
caused the 50-m temperature to drop by 0.5°C below
the LIW temperature (Fig. 6b) and resulted in approx-
imate homogeneity to about 150 m. Then restratifica-
tion set in at that station, which was located at the
southern front of the convective patch, until late Jan-
vary when another mixing event occurred, this time
reaching to deeper than 400 m (Fig. 6a). During this
event the 322-m salinities decreased by 0.1, even below
the lower-level salinities (Fig. 6¢). The deep records
show that homogeneity reached the 1000-m level on
19 February and the 1400-m level on 22 February,
when the temperatures at these levels jumped from the
deep water value of 12.80°C to the mixed layer tem-
perature of 12.90°C. Simultaneously, the 1000-m salin-
ity approached that of the 322-m record (Fig. 6c).
Small differences, within the calibration accuracy of
the sensors, remained between the 322-, 1000-, and
1400-m records. Although the CTD survey showed
only typical convection depths of about 800 m for the
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period 18 to 22 February and of 1400 m between 22
February and 2 March, the deepening is in agreement
with the moored temperatures. As the 1000 m temper-
ature and salinity records at Al (Figs. 6b,c) showed
variability on short timescales, the shallower convec-
tion depth of the CTD might have been observed at a
time when a temperature change occurred above 1000
m at Al. After about 15 March, the upper-layer moor-
ing temperature increased again, but, at the deep levels,
temperature variance continued to be higher than be-
fore the winter season throughout April.

At the southern periphery of the convection regime,
station T3, the thermistor string temperatures from the
250 to 650 m range, which have an interruption due to
data storage problems and station exchange from 29
January to 1 March, show that near-homogeneity oc-
curred briefly at the beginning of the second recording
period, until 5 March, and again around 15 March (Fig.
6d). This indicates that T3 was at times within and at
times outside the convection regime. At station TS5, the
warming at 350 m during December and January shows
that warmer LIW was entrained upward (Fig. 6e).
Then, around 25 January, drastic cooling occurred, in-
dicating that the mixed layer depth had passed the LIW
temperature maximum. Thermistor string records from
after 25 February at position T5 show near homoge-
neity between 250 and 650 m from late March until the
end of the recording period. Since TS5 was the station
with the thickest layer of convection water in the 3—-9
March ship surveys, these records indicate better the
duration of the deep mixing of the patch than T6/Al
at the periphery (Fig. 4c). Further, the tomography in-
versions of Send et al. (1995) show that most of the
line connecting T6 and TS (Fig. 1) was then still oc-
cupied by water masses of deep-mixed characteristics.
This result supports the conclusion that the water body
formed by convection stayed intact for at least the fol-
lowing two months in the northern region where it is
pushed against the topography and thus poses more dif-
ficulty for lateral eddy exchange. Figure 6e also indi-
cates that the weakly stratified northern water column
was again nearly homogenized to beyond the 650-m
level by the cooling episode of late March (Fig. 2).

The important role of the eddy exchange is under-
scored by the deep temperature records (Fig. 7) that
show increased variance after convection below the
stratification, with the LIW salinity maximum remain-
ing intact. That is the case, for example, for station T2,
and also for T3 (Fig. 7), in comparison with the near-
surface temperature plots of Fig. 6. The subthermocline
migration of convection water masses was also found
in the tracer studies on R/V Poseidon in late February
to early March 1992 of Rhein (1995). As pointed out
previously by Schott et al. (1994), comparing convec-
tion winters in the Greenland and Mediterranean seas,
the increased deep temperature variance can serve as
convection indicator in spring or even summer surveys
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FiG. 7. Time series of deep temperature fluctuations showing
increased deep variance after convection.

following convection winters. Further, the deep tem-
perature variability at station A1 was found to be de-
layed and reduced in amplitude between the 1000 and
1400 m deep records. However, deep temperature vari-
ability was absent at 1800-m depth, confirming that
convection did not reach that depth: At the southern
rim of the convective area, at station T3, enhanced tem-
perature variability was observed several days after the
convection period, providing a timescale estimate for
the exchange of convection water with the surround-
ings.

4. Current observations
a. Horizontal currents and mesoscale variability

One objective of the moored array was to investigate
changes of mesoscale variability. This might be asso-
ciated with the decay of the convection regime and wa-
ter mass exchange with the surroundings as suggested
by numerical model results (e.g., Jones and Marshall
1993; Send and Marshall 1995) and scaling arguments
(M. Visbeck et al. 1995, unpublished manuscript).

Current vector plots of 40-h low-passed horizontal
currents from several depths at the different stations are
shown in Fig. 8. Table 1 summarizes the record-length
statistics and the fluctuating kinetic energies (FKE) for
the period prior to convection (14 December to 31 Jan-
uary) compared to the post-convection period (1
March to 14 April). The record-length mean flow is
generally <2 cm s~} and in agreement with cyclonic
circulation (Table 1). The dominant period of the vari-
ability is one to two weeks, but there are different re-
gimes as regards vertical structure and reaction of the
mesoscale currents to the onset of convection. In the
center of the dome, at position Al in the small-scale
triangle (Fig. 1), recorded by the two ADCPs above
650 m and by ACMs below, the currents are domi-
nantly in phase between 75 and 2100 m. Amplitudes
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decay only slightly in the vertical (Table 1) during the
entire recording period (Fig. 8a), independently of the
stratification condition (Fig. 6). In the period following
deep convection, when mesoscale energy production
through baroclinic instability should be occurring, no
obvious change is detectable. In fact, the FKEs in the
300-600-m depth range of stations Al, A2, T6 de-
creased by a factor of 2 between the pre- and the
postconvection period, and for the deep currents that
factor is similar.

The development is different at the other stations
(Fig. 8b). At T3, which was only intermittently located
within the convection regime (Fig. 4), and at T1, which
was within the northern boundary current (Fig. 1), the
near-surface currents were much stronger than, and
generally out of phase with, the deep currents (Fig.
8b), indicative of dominantly first-mode structure. At
T1 and the deep records of T3, there was a near dou-
bling of deep FKE following convection (Table 1),
while in the near surface at T3 there was not much
change in surface FKE. At T2, east of the convection
regime (Fig. 4), the development was again different:
there was a drastic change of structure from baroclinic
to near-barotropic in mid-February resulting in a ten-
fold increase of deep FKE.

The interpretation of the mesoscale currents in terms
of their relation to deep convection is hampered by the
fact that there exists variability in the wind forcing, for
example, due to the mistral events, at timescales of sev-
eral days to a few weeks (Fig. 2a). This wind vari-
ability may generate large background mesoscale cur-
rent variability independent of convection-generated
eddies. Baroclinic instability of the stratified boundary
current is also a possible source of mesoscale energy
in the convection region.

One likely consequence related to the stratification
change caused by deep convection is the decrease of
mesoscale variability within the regime, from an av-
erage of 48 cm? s 2 to half that value for the upper 600
m and from 43 to 14 cm? s~ for the deep sensors (Ta-
ble 1); and the increase of FKE outside (at stations T2
and T3). However, the correlations between current
fluctuations and temperature or salinity were very low.
Meaningful eddy transfers related to those changes
could, thus, not be derived from the moored measure-
ments.

b. Vertical velocities and convection

Unfiltered time series of the vertical velocities from
two ADCP records at 212 and 495 m depth at station
A1 show distinct bursts of high-frequency vertical ve-
locity variance (Fig. 9) associated with the episodes of
cold-air outbreaks of late December and February as
described above. The upper-layer record also shows di-
urnal cycles related to vertical zooplankton migration
as observed elsewhere (Fischer and Visbeck 1993).
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TABLE 1. Mean and mesoscale horizontal current statistics.
Record length (cm s™") FKE (cm? s7?)
Mooring Depth — —
iD (m) Days 7 T w'?)'” ('3 14 Dec—-31 Jan 1 Mar-14 Apr
Deep records
Al1-RCM 1000 — * 35.7 *
Al-RCM 1800 134 —-1.2 2.4 5.7 4.4 41.1 14.1
Al-RCM 2100 - 134 -1.2 2.7 5.8 4.5 51.0 18.7
A2-RCM 1000 — * 27.4 *
A2-RCM 1800 132 —-0.7 1.8 5.7 3.8 41.8 10.8
T6-RCM 1000 133 -0.8 1.5 4.8 3.7 31.1 7.9
T6-RCM 1800 133 -1.1 2.6 6.6 49 52.2 18.5
T2-RCM 1075 118 -0.8 -2.0 6.2 54 59 52.0
T3-RCM 1092 130 0.3 —0.1 2.7 2.8 4.8 8.4
T3-RCM 2096 130 0.9 -0.2 4.5 42 11.0 19.0
Shallow records
T2-RCM 90 118 -1.3 -1.1 9.9 94 754 114.6
T3-RCM 90 130 23 —-64 11.3 11.5 143.3 1235
T4-RCM 360 128 -1.0 -23 5.5 6.0 31.0 35.2
Al1-ADCP 75 133 . -0.7 1.7 9.0 9.2 101.7 62.3
A1-ADCP 340 129 -0.8 1.5 6.2 4.9 40.0 16.1
A2-ADCP 340 140 -0.7 1.6 6.4 5.0 40.3 17.9
T6-ADCP 340 131 -0.8 1.7 6.6 59 422 21.2
A1-ADCP 634 129 -1.1 1.7 59 4.7 372 16.0
A2-ADCP 610 140 —1.1 1.6 6.0 4.7 39.0 16.2
T6-ADCP 610 131 -1.0 1.8 6.1 5.0 38.4 17.7
Stratified boundary current regime

T1 80 131 -19.0 5.6 10.4 12.3 80.4 135
T1 500 131 -3.1 —0.3 4.7 34 11.3 16.8
T1 1000 131 -1.2 -0.5 5.0 2.9 11.8 18.5
T1 1500 131 -03 -0.9 5.6 3.1 12.9 21.3
T1 2400 131 0.6 -0.6 3.6 2.0 6.3 9.9

* Partly stalled.
RCM.: rotor current meter.

The short-period fluctuations of the late December
event are fairly symmetrical up and down motions
within the stratification still existing at that time at the
200-500 m level (Fig. 6a). These fluctuations are in-
ternal waves that were apparently generated by upper-
layer mixing and convection causing pressure fluctua-
tions in the stratified water underneath. Such internal
wave variance was also observed by Schott et al.
(1993) in early winter within the stratification in the
central Greenland Sea. The late February fluctuations,
however, have the asymmetric appearance as observed
by SLI1 during the time of convection: strong down-
ward motions of 5-10 cm s ™', with weaker upward
motions in between. Vertical velocity variance of the
high-pass filtered fluctuations in Fig. 9 shows some
other smaller velocity variance occurrences in addition
to the two major events. In contrast to the observations
of SL91, where the short-period velocity fluctuations
were almost depth independent in the 250—550-m ob-
servational range, the vertical velocity variance of the
February event decays significantly between 300 and
600-m depth, as shown below.

5. The convection period of 18—23 February

An expanded view of the convection period for the
observations of the triangle Al, A2, T6 (Fig. 1) is
shown in Fig. 10, together with fluctuations of winds
and heat flux components as measured by the ship-
board systems of R/V Poseidon while working near
that array. Strong surface cooling occurred during the
night with latent heat fluxes alone amounting to 400
W m~2 and total heat flux in excess of 600 W m™2
(Fig. 10b). The temperature and salinity records
from station A1 show that the convection reached the
1000-m level on 19 February and the 1400-m level
on 22 February, but the 1800-m level is not affected
(Figs. 10c,d). The fluctuations of temperature and
salinity that nearly compensate in density are an in-
dication of the incomplete mixing and advection of
different water masses past the mooring site. Appli-
cation of a Kraus—Turner mixed layer model by Mer-
tens (1994) over the winter of 1991/92 resulted in
similar depth development of convection to only in-
termediate depths.
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Concerning the horizontal scale of the vertical ve-
locity fluctuations, the interesting result from the si-
multaneous ADCP measurements at 300-400 m
depth in the small-scale array is that they were de-
correlated over the 2 km horizontal station distance
(Fig. 10e). Previous deductions of their small scale
by SL91 and Schott et al. (1993) were based on
single station ADCP measurements and the advec-
tive timescale of an event. The horizontal currents
on the timescale of the plumes were also decorre-
lated among the stations (Fig. 10f), and meaningful
vorticity calculations could not be carried out.
Hence, for the plumes, horizontal scales have to be
estimated again from the individual station mea-
surements.

The vertical velocity variance at 300—400-m depth
ranged from 3.4 to 7.1 cm® s 7%, and thus was an order
of magnitude larger than during the quiet period in
March (Table 2), but lower than the 10 cm® s ™2 ob-
tained from the hourly ADCP observations of SL91
during the mistral of 1987. When using subsets of the
1992 records (at hourly resolution as in 1987 ), the vari-
ances did not change significantly compared to the full
dataset, confirming that the observed differences be-
tween the two convection events were real rather than
due to aliasing in the hourly record of 1987. The high-
frequency variance of the 6-h high-pass filtered time
series contributed about 40% to the total variance,
which is similar to the ratio of the stronger convection
event in 1987 (SLI1).

Horizontal fluctuating kinetic energies (HFKEs) de-
rived from the unfiltered ADCP dataset did not vary
much from the mistral week to the quiet period in
March (Table 2; Fig. 8a). However, in the high-fre-
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quency band ( <6-h period), the HFKE of the convec-
tion period was five times larger than during the post-
convection phase. This was similar to the 1987 dataset
where the HFKE was an order of magnitude larger dur-
ing the mistral week compared to the preceding (quiet)
week. Another similarity between the two datasets
(1987, 1992) is the ratio between horizontal and ver-
tical kinetic energy during convection, which in both
cases was 4:1, while the absolute values were different
(SL91).
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FIG. 10. The convection period of 18—-23 February 1992: (a) winds
(direction toward) near 42°N, 5°E, recorded by R/V ““Poseidon’’; (b)
heat flux from ‘‘Poseidon’’ meteorological observations; (c) temper-
atures at several depths, station Al; (d) salinities at several depths at
station Al; (e) vertical velocities at 300-400-m depth from ADCP
measurements, stations A1-A2-T6; (f) same as (e) but for horizontal
current vectors.
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TABLE 2. Means and variances of ADCP currents (bin 2) during 18-23 February (mistral period) and 7—13 March (quiet period).

6-h high- Variances (cm? s72)
pass time Means (cm s7') ——
Depth Record filter u"+v .

Profiler (m) segment applied? u b} w 7, 2 w'? v}?
Al1U 280 2/18-2/23 n 0.2 33 +0.3 -0.6 18.6 4.2 0.2
AlD 340 n 0.1 2.6 -0.1 -0.5 16.3 34 0.3
A2 340 n —1.1 33 -0.2 ~0.4 17.3 7.1 0.3
T6 340 n -1.1 34 ~0.6 -0.4 18.5 5.4 0.3
Al1U 280 2/18-2/23 y — — — 0.5 5.6 1.7 0.2
AlD 340 y 8.0 1.7 0.3
A2 340 y ‘8.5 2.8 0.2
T6 340 y 9.8 24 0.3

average 3/07-3/13 n 15 6.1 -0.3 -0.5 12.8 0.5 0.2
(without A1U) y 1.7 0.2 0.1

Figure 11a shows the vertical structure of the vertical
velocity fluctuations in the depth range 75—634 m, cov-
ering the range of the two ADCPs of station Al. Some
velocity events, for example, on 18 February at 2300
UTC, occur almost in phase over the entire range but
with an amplitude maximum at 250—-350 m. Others,
for example, 22 February at 2300 UTC, are limited to
an intermediate depth range, decoupled from the upper-
layer variance. Horizontal currents from station Al for
the same depths are shown in Fig. 11b. (Note: The
ACM rotor at 1000 m had stalled for the entire con-
vection period, and the rotor at 1800 m stalled for part
of the time.) Current vectors of the short-period fluc-
tuations show significant vertical structure compared to
the near-barotropic nature of the mesoscale variability
(Fig. 8a) and also in contrast to the 1987 observations
of SL91.

Given the fact that the heat flux over the convection
regime, even during the mistral period, shows a pro-
nounced diurnal cycle (Fig. 12a) with heat gain during
mid-day, generation of plumes should occur domi-
nantly at night, at maximum buoyancy flux. When
plume velocities measured by the four ADCPs during
18—-23 February, at 280-m depth for A1U and 340 m
for the three downward looking instruments, are dis-
played versus the time of day, predominance of large
plume velocities is detectable during the night and early
morning hours (Fig. 12b), resulting in maximum vari-
ance, while minimum variance occurs in the afternoon
(Fig. 12c¢). For comparison, the preconvection vari-
ance for the same levels, calculated for the period 5-
15 February, is also shown in Fig. 12c. The average
afternoon variance at convection times is still a factor
of 5 larger than prior to convection, or later in March
(Table 2).

There is also a significant decrease of plume velocity
variance from the 280 to 340 m level to the 634-m level
(Fig. 12d). Recall that plume velocities are superim-

posed on a diurnal plankton cycle (Fig. 9) that is di-
rected upward at about 1800 UTC, explaining the eve-
ning peak of the preconvection variance (Fig. 12c) and
downward at about 0600 UTC. That the vertical veloc-
ity events continue to exist about 6 h after cooling ends
(Fig. 12b) sets a lower limit for their lifetime, while
the fact that their energy decreases by a factor of 4
between the early morning and afternoon hours sug-
gests that their lifetime is at least not long compared to
an inertial period. The decrease of large vertical veloc-
ities shortly after the end of the cooling (23 February)
is also apparent from the time series in Fig. 9. This
timescale bracket indicates the transition from plumes
to two-dimensional rotating vortices.

Since the apparent timescale of a plume in the Eu-
lerian measurements (<2 h) is short compared to that
lifetime estimate (the order of an inertial period), it
may be assumed that plumes are quasi-frozen structures
being advected past the observation site by the mean
current. The interpretation of the vertical structure of a
plume recorded at an individual profiling site then de-
pends on several factors: first, it depends on how the
plume is ‘‘sliced’’ by the profiler—that is, close to the
center or at one of the sides. Second, a vertical shear
of the horizontal mean current may cause the orienta-
tion of the plume to be slanted in the water column,
and only part of it may be detected by the ADCP. Third,
the horizontal scale of a plume compared to the range-
dependent separation of the acoustic beams of the
ADCEP is important, as discussed below.

An important result of the small-scale array concerns
the mean vertical motion over the period of convective
fluctuations. Averages for the period 18—23 February,
after correcting for the vertical velocity bias, were near
zero for A1D and A2 and —0.6 cm s~! for T6 at 340-
m depth, and 0.3 cm s ™! at 280-m depth of A1U (Table
2). This result confirms that the plumes act like mixing
agents rather than carrying mean transport downward.
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FiG. 11. (a) Vertical velocities in depth range 75—634 m from the
two ADCPs at station Al during the mistral period of 18—23 Feb-
ruary. (b) Same as (a) but for horizontal current vectors.

It corresponds to the findings of Schott et al. (1993)
for the incomplete mixing case in the Greenland Sea,
but differs from the February 1987 result of SLI1,
where a mean downward motion during the mistral
week of 1.0 cm s ™! was determined. That a simple one-
dimensional mixed layer model reproduced the depth
development of the convection quite well also supports
the role of the plumes as turbulence elements.

6. Individual convection events

Convective activity at station Al during 18—19 Feb-
ruary is shown in Fig. 13a. Maximum downward ve-
locities exceeded 8 cm s ! during the night, and weaker
downward motions occurred subsequently. The scale
of the main event of Fig. 13a was estimated at 600 m,
based on the horizontal currents shown in Fig. 13b for
the same time period, with the vertical velocities su-
perimposed by shading. A second example of weaker
convection is shown from 23 February (Fig. 13c),
when downward motion occurred over 3 h. The hori-
zontal scale derived from the advection (Fig. 13d) was
again estimated at about 500 m.
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Visbeck (1993) investigated the plumes with a kine-
matic model where a radial profile was given for the
vertical velocity with downward motion at the center
and weaker upward motion outside resulting in a net
zero vertical flow constraint for a horizontal layer.
Specifying also a vertical profile of the vertical velocity
yields divergent horizontal currents due to continuity.
Further, rotation of the plumes was allowed for, leading
to cyclonic inflow at the top and anticyclonic outflow
at depth. Free plume parameters are the cell diameter,
the strength of downwelling, and rotation. Further, the
location (of the section sliced through the plume by the
profiler) and the advection velocity were variable. This
kinematical model, when fitted to the ADCP data, in-
cluding the effect of beam separation, confirmed the
simple estimates of horizontal plume scales made
above. As regards rotation, the first case (Figs. 13a,b),
measured shortly after the beginning of the convection,
yielded no detectable rotation while the second case
(Figs. 13c,d) yielded cyclonic rotation for the best fit.
However, fitting a number of individual plumes for all
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F1G. 12. (a) Mean diurnal heat flux from Poseidon shipboard mea-
surements during 18—23 February. (b) Vertical velocities from bin 2
of each of the ADCPs in the small-scale triangle (corresponding to
280 m for A1U, and 340 m for A1D, A2, T6) as well as means and
standard deviations, as function of time of day during 18—23 Feb-
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open circles. (d) Vertical velocity variance at 634-m level from the
three downward looking ADCPs during the convection period (18-
23 February) as function of time of day.
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three profilers from the triangle individually did not
yield significant trends in the sense and magnitude of
plume rotation. It turned out that some combinations of
the free parameters were dependent and resulted in
nonunique solutions. A smaller size of the moored
~ ADCEP triangle might have yielded correlated events
among the three profilers and might have eliminated
the ambiguity of the fits.

Another way of exploiting the ADCP beam separa-
tion for estimating horizontal scales uses the so-called
error velocity. While the vertical velocity is the average
of all four beam Dopplers, the error velocity is the dif-
ference between the two orthogonal beam pairs. It thus
is a measure of the inhomogeneity among the beam
Dopplers. Hence, for a plume of vertically constant di-
ameter that is comparable to the beam separations, the
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vertical velocity will decrease with distance from the
transducer and the error velocity will increase. This be-
havior was clearly seen during the convection period
18-23 February in the vertical and error velocity vari-
ance (Fig. 14). The vertical velocity maxima at about
300-m depth were located near the transducers of the
upward looking ADCP at station Al and the three
downward looking ADCPs at A1, A2, and T6, and de-
creased with distance from the transducers. For the er-
ror velocity, the increase is pronounced in the upward
direction (Fig. 14) indicating plume-scale decrease to-
ward the surface, while in the deeper range a constant
level is approached, which is probably instrumentally
determined.

Using the circular plume model and fitting its di-
ameter to the rms vertical and error velocities for the
convection period 18—23 February yielded mean hor-
izontal scales in the upper 100—300 m, from A1U, of
about 400 m. In the depth range 300-600 m, the scale
increased with increasing depth, from 400 to 600 m,
for all three downward looking ADCPs. The tendency
for increasing width with depth might suggest that

o T T T
m
Al Al
100 -
— v
VeI2
200— ! -
300— -
T8
T6
[ A1,42 A1, A2
400 —
Ve'2 W 2
5004 —
600 —
700 ] 1 |
0 1 2 cm2/s2 4

FIG. 14. Profiles of vertical velocity variance (w'%) and error ve-
locity variance (v)?) for the convection period 18-23 February as
observed by the upward-looking ADCP at stat Al in depth range 80—
250 m (top) and the three downward looking ADCPs on stations Al,
A2, Té.
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plumes entrain water from the environment on their
way down. A similar conclusion was also drawn by
Schott et al. (1993) from the few plumes observed in
the Greenland Sea convection area in winter 1988/89.
On the other hand, in the individual time series of ver-
tical velocities (Fig. 11a), a depth increase of the con-
vection event durations is not noticeable, which does
not support such a drastic depth increase of horizontal
plume scale. Besides, the bottom of homogeneous CTD
profiles indicate, as discussed above, that plumes also
do not seem to entrain at their bottom end. Hence, other
effects besides plume kinematics, for example, instru-
mental noise, could have a bearing on the observed
error velocity profile. Further, there could be a genuine
decrease of plume velocity between 300- and 650-m
depth, as also suggested by the decrease in diurnal cy-
cle vertical velocities at the three instruments (Figs.
12¢.d).

7. Adjustment and rim current

Since convected water is trapped by rotation in the
deep-mixed regime and cannot escape by flowing out
at depth, it has to be horizontally exchanged across the
front with the stratified regime around it. The fact that
such exchange exists is underscored by the observa-
tions of homogeneous water parcels underneath the
stratification outside the original convection regime,
where the deeper layers were not in direct exchange
with the surface at any time during the forcing period.
In Fig. 4, an outer regime around the deep convection
regime was marked in which intermediate-depth water
mass properties corresponded to those observed within
the regime at the time of deep convection. These water
masses were inhomogeneous within the bounds of the
incomplete mixing of the patch. The convected water
was also identified by its tracer concentrations (Rhein
1995). The region of convection from hydrographic
data (Fig. 4) agrees well with the F12 saturation of
60% (Rhein 1995, Fig. 7b), while the region with ho-
mogeneous water parcels underneath the stratification
agrees well with the 70% F12 saturation. It is also sup-
ported by increased deep temperature variance in the
moored records from below the stratification around the
convection regime.

Our measurements do not allow a satisfactory inter-
pretation of the mechanism by which the water is ex-
changed between the convection patch and the stratified
surroundings. One of the objectives of the triangular-
array measurements was detection of instability eddies
that are expected to carry external water mass charac-
teristics into the deep-mixed regime; that is, they
should be anticyclonically rotating and should possess
an LIW intermediate salinity maximum. A clear iden-
tification of such eddies drifting through the array could
not be made, due to the background of preexisting
mesoscale energy. Although the small triangle was lo-
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cated near the southern front of the convection regime
initially, currents there were near-barotropic through-
out the deployment period (Fig. 8a). That background
energy was probably also the reason why eddy heat and
salt flux calculations did not yield sensible results com-
mensurate with cross-frontal exchange. In particular,
time series of those fluxes did not show significant
changes for the adjustment period after convection
compared to the preconditioning time. At T3, just south

200r
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FiG. 15. Geostrophic current (in cm s~!) relative to 1000 dbar from
the sections along 5°E by R/V Poseidon for (a) 21-22 February 1992
(location, see Fig. 4a); (b) 29 February—2 March 1992 (Fig. 4b); and
(c) 4-7 March 1992 (Fig. 4c). Positive flow is eastward; (d) same as
(a) but for tow-yo section of 26/27 February across the margin of the
convection regime approximately along 42°10’N; positive is north-
ward (location, see Fig. 4b).
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of the front, where strong first-modal fluctuations oc-
curred after the convection period, the fluxes were also
not in any meaningful relation to anticipated cross-
frontal exchanges.

The geostrophic adjustment at the perimeter of
the convection regime should cause a rim current
around the convection regime, flowing cyclonic on
top and anticyclonic at depth (e.g., Madec et al.
1991; Jones and Marshall 1993). At the scale of the
Gulf of Lions, a cyclonic rotation does exist, and
the boundary array of stations A3, T1 (Fig. 1) was
located there to measure transport changes that
might occur in conjunction with deep convection.
Transport time series were determined from this ar-
ray and compared well with geostrophic sections at
the time of the various ship surveys along 6°E
(Schumacher 1994). They showed, however, large
transport variations throughout the winter, appar-
ently independent of what happened in the convec-
tion regime. At the perimeter of the patch, however,
a cyclonic rim current was present. The geostrophic
velocity distribution relative to 1000 m from three
‘‘Poseidon’’ sections during the three convection
stages presented in Fig. 4 are shown in Figs. 15a—
c. For the early stage of convection, a current of 12
cm s~ ! is observed just south of 42°N (Fig. 15a),
located at the rim of the convection region. At the

period of deeper convection (Fig. 4b), the section

of 29 February to 2 March shows the geostrophic
eastward current just south of 41°30'N (Fig. 15b),
where the convective water was observed below the
stratified surface layer (Fig. 4b). In the tow-yo sec-
tion of 26—27 February a high-resolution cut across
the front (Fig. 4b) separating the two regimes was
accomplished, yielding the geostrophic current dis-
tribution of Fig. 15d. In the first half of March when
no surface convection was observed, the geo-
strophic eastward current (Fig. 15c) disintegrates
into several current bands.

The rim current around the convection regime is
apparently of the order of a Rossby radius wide and
its magnitude is in agreement with small mean
downward motions as predicted from vorticity con-
straints and similar to that analyzed from a plume-
resolving model (Send and Marshall 1995). Its
small horizontal scale was not well resolved by the
CTD station spacing except by the tow-yos. An at-
tempt to identify it in the shipboard ADCP sections
near the front was not successful. It was also not
possible to identify it in the moored records of sta-
tions T5 and T2, nor at the central triangle A1-A2-
T6 that should at certain times have been located
close enough to the edge of the convection region
to measure a rim current. The mesoscale fluctuations
of >20 cm s ' amplitude near the surface and with
periods of 1-2 weeks (Fig. 8) would have masked
the occurrence of a rim current.
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8. Discussion and conclusions

A significant fraction of the Mediterranean outflow
through the Straits of Gibraltar of about 0.7 Sv (Bryden
et al. 1994) is made up by western Mediterranean Deep
Water (WMDW) (e.g., Kinder and Parilla 1987), and
the only location for the renewal of WMDW is the Gulif
of Lions. How is this water formed and transported out
of the convection region? Should there be a measurable
mean vertical motion within a convection region? In
the week-long ADCP measurements of SL91, a mean
downward velocity of 1 cms™' was recorded and,
based on this point measurement, SL91 speculated on
a mean downward transport of water masses within the
convection regime. Based on conservation of potential
vorticity, however, a significant mean downward mo-
tion should not occur, as discussed by Send and Mar-
shall (1995), who analyzed the nonhydrostatic plume
simulation model of Jones and Marshall (1993) and
scaled the relevant physical processes in light of rim
current properties. The vertical mean motion obtained
there was less than 0.1 cm s ' and corresponded to a
mean downward transport of the order of 0.01 Sv (10°
m’ s ') averaged over the year and for a typical con-
vection regime scale. The geostrophic adjustment of
the model convection region was the cause of this small
downward transport of water mass.

In the convection field experiment described here,
our measurements of mean vertical velocities during a
week-long convection period were <0.6 cm s ! for the
individual ADCPs, after removal of instrument biases.
The average downward velocity, for the convection pe-
riod 18-23 February, over the four closely spaced in-
struments was —0.15 cm s}, and thus confirms the
principles outlined above. This conclusion was already
drawn from convection observations with moored
ADCPs in the Greenland Sea by Schott et al. (1993),
but due to a small number of plumes and only one
convection site, it was not solidly founded. The plume
activity during the week of mistral forcing in mid-Feb-
ruary was weaker than during the stronger-forcing case
of 1987 (SL91). Maximum amplitudes were 5-8
cm s~', compared to >10 cm s~ in 1987, and vertical
velocity variance over the entire plume observation pe-
riod was around 5 cm? s 72, compared to about double
that value in 1987.

Regarding the horizontal scale of the plumes, the 2-
km sidelength of the triangular array of ADCP moor-
ings was too large, making plume occurrences decor-
related and not permitting the combination of the three
station measurements into a joint plume analysis. Hor-
izontal plume scales were estimated at 300 to 500 m
from the individual ADCP measurements, based on the
horizontal advection and assuming frozen plume struc-
tures. This result is in agreement with earlier such es-
timates (SL91; Schott et al. 1993) and with the plume-
scale analyses of Jones and Marshall (1993) and Max-
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worthy and Narimoussa (1994). Using the ADCP
beam spreading and the error velocities to investigate
the plume structure, a tendency for plume diameters to
increase with depth in the 300 to 600 m ADCP range
was detected. This plume widening could indicate
plume entrainment of water from the environment on
the way down, as was earlier concluded from Green-
land Sea plume observations by Schott et al. (1993).
However, other effects than beam spreading versus
plume scale could be responsible for the correlation
loss among beam Dopplers. At the bottom of plumes,
significant entrainment did not take place, since density
steps in CTD casts were not observed, even in cases of
fairly large, but compensating, steps in 7', S properties.

It is currently not clear whether rotation of plumes
is to be expected. Jones and Marshall (1993) obtain
rotational control of plumes at a mixed layer depth
> 1.25(B/f*)'"?, with B = surface buoyancy flux and
f = Coriolis parameter, while laboratory experiments
suggest much larger depths of order 10(B/f>)"'? be-
fore this happens (Coates et al. 1995). For typical
Mediterranean conditions, this discrepancy means the
difference between 600 and 6000 m. In an analysis with
a kinematical plume model that included rotation as a
free parameter, a consistent pattern of rotation could
not be confirmed from the data. As in the 1987 obser-
vations of SL91, some plumes were found to rotate
cyclonic in the upper part, but others did not.

The deep mixing of early 1992 was found to be in-
complete, in so far as significant horizontal property
gradients continued to exist, again different from the
near-complete mixing case of 1987 (LS91). Overall, a
combination of vertical velocity measurements by
ADCPs and simultaneous temperature measurements
should allow vertical heat flux determinations useful
for budgeting the convection regime. However, due to
the inhomogeneities that were advected, such calcula-
tions did not produce useful results on the vertical
fluxes.

While in the past few years the role of plumes as
mixing agents was predicted from scale and model
analyses and is confirmed by our observations, the fur-
ther fate of a regime of convected water is still very
much unclear and open to speculation. Recent efforts
in understanding the role of mesoscale baroclinic ed-
dies in convection regions (Visbeck et al. 1995) have
shown that for some idealized scenarios baroclinic ed-
dies can balance the surface buoyancy loss completely.
They transport stratified fluid from the rim current re-
gion into the chimney and convected water outwards
and away below. This rearranging of water masses is
consistent with the observed rapid restratification at the
surface (Send et al. 1995) and also with the spreading
of convected tracer-rich water below (Rhein 1995).
However, the role of the mesoscale fluxes in exchang-
ing convection water with the surroundings could not
be quantified from the moored and shipboard obser-
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vations, due to a strong background of mesoscale vari-
ability that existed independently of convection. The
background mesoscale variability could be generated
directly by wind forcing or through baroclinic instabil-
ity of the stratified cyclonic boundary current around
the Gulf of Lions.

In earlier observations of boundary current trans-
ports east of the convection regime, Astraldi and Gas-
parini (1992) reported a relation between increased
transports and increased winter heat loss over the Gulf
of Lions (estimated from coastal station data), which
would suggest a large-scale coupling of the cyclonic
circulation to convection activity. The current-meter ar-
ray we had deployed across the boundary current south
of Toulon (Fig. 1) to observe such relations could not
detect a convection-related transport signal over the
background of preexisting boundary current variability.
Instead, indications of a narrow cyclonic rim current,
of <20 km width, around the convection regime were
found in geostrophic current profiles with near-surface
velocities of about 10 cm s™'. This is in agreement,
through the vorticity constraint, with the weak down-
ward motion observed by the ADCPs within the re-
gime.
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