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Convective chimneys and plumes
in the northern Greenland Sea

Ola M. Johannessen,1,2 Kjetil Lygre,1 and Tor Eldevik,1,3

In the Boreas Basin, the northern Greenland Sea, convection has been
observed to be localized as narrow structures – chimneys – in which the
water masses may be homogeneous from the surface through great depths.
An experiment was carried out in the area by R/V H̊akon Mosby of the
University of Bergen with an aim to detect and investigate chimneys, their
structure and the inherent convective plumes. A chimney was detected at
77.5◦ N, 0.5◦ E, by towing an undulating CTD profiler (Seasoar). Comple-
mentary deep CTD-stations, arranged as a cross zonally and meridionally
with station spacing of 2.5 km, revealed that the chimney was about 30 km
in the zonal and 15 km in the meridional directions. The mixed layer depth
inside the chimney was about 500 m, indicating that the chimney was of an
upper ocean type. Deep convection was found improbable because of modest
cooling of the culminating winter.

Seasoar tows within the chimney revealed weak horizontal temperature,
salinity and density anomalies of 1–5 km extent; i.e. of the order of the inter-
nal Rossby deformation radius. A similar scale was characteristic of a non-
hydrostatic ocean model set up accordingly. The CTD sections also revealed
enhanced sea surface density within cyclonic rim eddies with a diameter of
the order 5 km. Power and wavelet spectra of the horizontal temperature
variability inside the core of the chimney revealed increased power on the
100 m scale, which is of the same magnitude as a plume scale determined
from theoretical studies. This is the first time such a plume scale has been
directly derived from high resolution (∼10 cm) horizontal CTD (Seasoar)
measurements alone.

INTRODUCTION

During the past few decades the understanding of the
links between mesoscale (O(1–10 km)) dynamics and
the global circulation through deep water formation has
been a key area of ocean science. A central phenomenon
is the chimney process [MEDOC-group, 1970], in which
active deep convection takes place within a spatially
limited area. Its mechanisms have been reviewed in
detail by [Marshall and Schott, 1999], who further
claimed that little net vertical mass flux takes place
inside a chimney and therefore recommended that the
term ‘mixed patch’ should be used instead. In the
present article, however, we will adhere to the original
terminology in accord with [MEDOC-group, 1970].

Although the detailed mechanisms of the chimney
process remain unknown, chimneys have been observed
during winter time in the weakly stratified waters of
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the Mediterranean, Labrador and Weddell seas [Gas-
card, 1991], as well as the Greenland and Boreas basins
[Johannessen et al., 1991]. In synthesizing all available
observations on chimneys until then, [Gascard, 1991]
aimed at a more precise definition of their characteris-
tics. There is now a general agreement that a chimney
goes through three main stages. First, there is a pre-
conditioning phase in which the intermediate water is
brought to the surface [Killworth, 1979]. The trig-
gering mechanism may be baroclinic instability of the
mean flow, a topographically induced perturbation, or
ice edge upwelling [Johannessen et al., 1983]. Second,
there has to be strong forcing (cooling) at the surface
in order to convert the intermediate water to deep wa-
ter by buoyancy loss. A substantial part of the cooled,
dense water overturns as plumes with a horizontal scale
of the order of 100 m, before rapid mixing of the proper-
ties of the plumes is forming a homogenous mixed patch,
tens of kilometers in horizontal extent [Marshall and
Schott, 1999]. The final decay stage involves baroclinic
instability of the rim current of the chimney [Send and
Marshall, 1995], manifested as rim eddies with diame-
ters of the order of the internal Rossby radius of defor-
mation. Numerical model experiments by [Send and
Marshall, 1995] showed that the rim features are orga-
nized as several smaller cyclones, or cones, propagating
away from the chimney and thus dispersing properties
away from the generation area.

There has recently, however, been a shift in focus
from the gyre scale mixed patch of [Marshall and
Schott, 1999] back to the mesoscale chimney and its
associated dynamics, e.g. [Gascard et al., 2002].
The chimney concept of [Killworth, 1979] is consistent
with the recent emphasis that it is the ocean ‘precon-
ditioning’ (as opposed to anomalies in the atmospheric
forcing) that mainly localizes convection, e.g. [Legg
and Marshall, 1993; Straneo and Kawase, 1999]. Also,
for the last decade or so there has been no sign of
gyre scale overturning in the Greenland Sea [Watson
et al., 1999; Alekseev et al., 2001; Alekseev et al., 2003].
Ventilated water has instead been associated with pro-
nounced mesoscale eddies of about 5 km radius [Gas-
card et al., 2002; Wadhams et al., 2002]. In agreement
with this scenario such eddies were generated in the
numerical model ocean of [Eldevik and Drange, 2002].
This is also consistent with Killworth’s model [Kill-
worth, 1979], in which chimneys were postulated to be
preconditioned by baroclinic instability of the Green-
land Sea Gyre rim current. A result of the instability
is dense core, weakly stratified cyclonic eddies. When
the gyre region is exposed to winter time cooling, these
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anomalies will be prone to convective overturning.
Through several investigations during the Marginal

Ice Zone Experiments (MIZEX) campaign, a number
of upper ocean chimneys or chimney-like structures
were observed and described. During the MIZEX-
87 programme in the Boreas Basin [MIZEX-group,
1989; Sandven et al., 1991] structures were typically 10–
20 km in diameter, extended from the surface down to
about 600 m, and consisted of lower Arctic Interme-
diate Water which was relatively warm (1.0◦ C), saline
(S = 34.96) and dense (σθ = 28.02) compared to the
surrounding water. Two years later during the SIZEX
89 program [SIZEX-group, 1989; Johannessen et al.,
1991], a remarkably well defined chimney containing
Deep Water (T = −0.41◦ C, S = 34.91) was observed
outside the ice edge. It was 20 km in diameter with
uniform potential density in the upper 500 m, below
which the density increased by only 0.02 sigma-units
near bottom at 2800 m. (Hereafter this is referred to as
Chimney89.)

In order to increase our understanding of chimneys
in relation to convective overturning and to characterize
the submesoscale and the scale of the plumes within the
chimneys, a chimney investigation was carried out in
the Boreas Basin in the northern Greenland Sea during
February 1994.

In the next section we present the methods and ex-
perimental approach. In the third section the ob-
serveational data are presented together with the re-
sults of a nonhydrostatic ocean model. The results are
discussed and summarized in the final section.

METHODS AND EXPERIMENTAL LAYOUT

The aim of the R/V H̊akon Mosby ESOP/CARDEEP1

experiment in the Boreas Basin during February 9–21
1994 was to detect chimneys and subsequently describe
their structure, scales and dynamics including plumes
within the chimneys. Whereas previous cruises in the
Boreas Basin were more concentrated close to the ice
edge [MIZEX-group, 1989; Johannessen et al., 1991],
the central part of the basin was the focus of the present
investigation. The cruise track is shown in Fig. 1. Dur- Fig. 1
ing the initial period of the experiment, the basin was
crisscrossed with a towed undulating CTD sensor plat-
form (Seasoar) profiling the upper 200–250 m of the
water column sampling typically every 2.5 km in the
horizontal to detect chimneys; these features were fur-
ther investigated by detailed Seasoar tracks and densely

1European Sub-Polar Ocean Programme/ Carbon and Deep-
Water Formation
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spaced deep CTD casts, to obtain optimal coverage
both horizontally and vertically. This is the first time
the horizontal structure inside a chimney has been in-
vestigated with such high horizontal resolution.

The definition of the detailed experiment centered
around 77.5◦ N, 0.5◦ E, was based on the discovery of a
relatively homogeneous, high density area, subsequently
defined as a chimney. It was further investigated first
by crisscrossing the site with the Seasoar in a star pat-
terned grid, followed by a towing of the Seasoar at a
fixed depth of 20 m (Fig. 2) along 6 zonal legs of about Fig. 2
30 km length separated by approximately 4 km, effec-
tively sampling every 10 cm in the horizontal. Hence,
the postulated horizontal plume scale of ∼ 100 m would
be well resolved. Eventually, 40 deep CTD casts were
taken to 1000 m with station separation as low as 2.5 km
in order to resolve the mesoscale structure of the chim-
ney in the upper part of the ocean. One N–S-section
was taken along 0.5◦ E from 77.43◦ N to 77.7◦ N, and
a second, E–W section, along 77.57◦ N from 0.5◦ W to
1.5◦ E (Fig. 2).

The same Neil Brown Mark III CTD sonde was used
both in the Seasoar and deep CTD surveys in order
to obtain a consistent data set. Salinity has been com-
puted according to PSS78 [UNESCO, 1983], and about
5 salinity samples were taken on each deep station for
calibration purposes. An overall r.m.s. difference be-
tween the calibrated CTD and salinometer analysis of
∼ 5 × 10−3 was found, sufficiently accurate for this in-
vestigation, as our study is focused in the upper 1000
m. Temperature accuracy is about 2×10−3 ◦ C. Tem-
peratures θ are hereafter given as referred to surface
pressure, which is also the case for the density variable
σθ, if not otherwise stated. In situ temperature is de-
noted by T . Except for the fixed depth tows, all CTD
data are averaged over 2 dBar.

A ship mounted Aanderaa weather station provided
standard meteorological parameters from which sur-
face heat flux has been estimated. Furthermore, Syn-
thetic Aperture Radar (SAR) images from the Euro-
pean Space Agency ERS-1 satellite facilitated the de-
termination of characteristic length scales and shapes
of the mesoscale structures in the investigation area.
A hull mounted Acoustic Doppler Current Profiler was
logging the water velocity. Unfortunately, the quality
of navigation information was not good enough to ob-
tain absolute velocities, therefore these data have been
disregarded in the following analysis.
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DATA

Before describing the chimney we first provide a brief
characterisation of the ambient upper ocean water masses
and the mesoscale features captured by the Seasoar pro-
filing, as well as the deep hydrographic structure. We
also estimate the turbulent heat flux (the dominant
part of the total) to 200 Wm−2, based on typical fig-
ures for the wind speed, 10 ms−1, atmospheric temper-
ature, -10◦ C, and relative humidity, 75%, logged by the
weather station in the mast of the ship, and sea surface
temperature of about 0◦ C. Due to the difficulties in cor-
recting for the effect of the ship on the air flow, we have
not considered the details of the temporal evolution of
the heat flux.

For the Seasoar we present, for brevity, only surface
temperature data; the salinity plots are reported in [Jo-
hannessen and Lygre, 1996] from which the referenced
salinity values are taken. From the tracks (Fig. 3) it is Fig. 3
evident that a major part of the surface water is rela-
tively warm (T> 0.6◦ C) and saline (S> 34.9). We will
denote this water mass Arctic Surface Water (ASW),
even if it is slightly too saline to fit the classical defi-
nition of [Carmack, 1990]. In the eastern and north-
ern parts of the area covered by the Seasoar tows there
are occurrences of still warmer (T> 1.5◦ C) and saltier
(S> 34.96) water which apparently is recirculated from
the Atlantic domain [Johannessen et al., 1987a; Jo-
hannessen et al., 1987b]; we denote this by AW (At-
lantic Water). Substantially colder and fresher water
masses are found at the boundary of the survey area,
north of 78◦ N and west of 3◦ W, i.e., Polar Water defin-
ing the Polar Front. Similar water masses occur south
of 76.3◦ N in association with the steep southeastward
trending topographic ridge – the Greenland Fracture
Zone – apparently guiding admixtures of water from
the Polar domain into the basin. The Seasoar, limited
to span the surface layer, only casually captured the in-
termediate water masses below the mixed-layer (ML).

Characteristic of the region is the mesoscale vari-
ability (Fig. 3), including cold and less saline water as
well as warm and saline water with several patches on
the 5–10 km horizontal scale with AW signatures. The
chimney is centered at about 77.55◦ N, 0.5◦ E, roughly
bounded by the 0.7 – 0.8◦ C isotherms, i.e. belonging to
the ASW and surrounded by AW eddy-like intrusions.
The size of the horizontal features scales well with the
Rossby internal deformation radius Rd, estimated by
taking numbers from the vertical density profile in Fig. 4 Fig. 4
as

Rd = N
f H � 3 km
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in which N is the buoyancy frequency, f the local Corio-
lis parameter, and H a vertical scale here equated with
the ML depth (500 m). In computing N , the density
gradient is computed from σ1 at 1000 m and at the sur-
face, using [UNESCO, 1981]. Even if full 2-dimensional
coverage is not granted for these patches, they are in-
terpreted as eddies, since they are of the order of Rd

and eddies are known to be abundant in the area [Jo-
hannessen et al., 1987b; Johannessen et al., 1995].

Providing further detail in the vertical, the deep CTD
stations generally reveal that the ML depth is about
500 m (Fig. 4) with θ � 0.6◦ C, S � 34.93, below which
the temperature and salinity abruptly change to θ �
−0.2◦ C, S � 34.89, with a minor density increase. The
following 150 m is the layer of largest static stability, in
which the density changes with 0.015 units over 150 m.

Between the ML base and about 1000 m depth, the
salinity is fairly constant (34.89), while a temperature
gradient is stabilising with θ � −0.7◦ C at 1000 m.
The temperature then decreases somewhat more slowly
while salinity increases to about 34.91 at 1400 m. Even
if a temperature minimum is not observed as in the
Greenland Gyre [Budéus, 1998], this water mass fits
approximately to the definition of upper Arctic Inter-
mediate Water (uAIW). Similarly, the underlying water
mass is interpreted as lower Arctic Intermediate Water
(lAIW) although no clear property maxima are found
around 1000–1500 m. At 3000 m the temperature is
down to -1.15◦ C, with salinity about 34.91, i.e. well
defined Greenland Sea Deep Water. There is also a very
weak indication of a salinity maximum around 2300 m,
indicating a weak influence of Arctic Ocean Deep Water
[Aagaard et al., 1991].

The upper and intermediate waters do not fit pre-
cisely into a common water mass classification [Car-
mack, 1990], which may be no surprise, as the warm,
saline influence in the Boreas Basin comes more directly
from the Atlantic and Norwegian Sea waters, compared
to the Greenland Basin. In particular, the surface water
which was arbitrarily defined as ASW is close to lAIW
characteristics. However, since lAIW is located deeper
and apparently isolated from the surface, it is awkward
to categorize the surface water as AIW. It can rather
be interpreted as a derivative of AW and uAIW.

Chimney94

When inspecting the vertical deep CTD sections taken
through the chimney, it is apparent that it can be de-
fined by the fairly homogeneous water mass of the ML
in which salinity is about 34.93, temperature 0.5 to
0.7◦ C and σθ <� 28.02 sigma-units, with a well de-
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fined boundary towards a warm, saline water mass to
the north (Fig. 5) and west (Fig. 6). The core of the Fig. 5

Fig. 6
chimney has a north–south and east–west extent of ap-
proximately 15 and 30 km, respectively, using the 0.7◦ C
isotherm as a criterion (Fig. 5a and Fig. 6a). In the
southern and eastern parts, the horizontal property gra-
dients are weak, implying a more diffuse transition to-
wards the exterior.

There is also a slight variability within the core, in
that the coldest and freshest water appears close to the
northern rim (Fig. 5a,b between 6 and 10 km). This also
corresponds to the densest water (σθ � 28.02, Fig. 5c)
with no detectable change over the 500 m deep ML, con-
sistent with cooling and buoyancy loss from the surface.
Slightly to the south there is a tendency for a weak
salinity stratification (ΔS � 0.01 over the uppermost
250 m, Fig. 5b, between 10 and 15 km), implying a cor-
responding density stratification (Fig. 5c), whereas all
other stations further south have changes in ML density
less than 0.01 sigma-unit.

The pycnocline (Fig. 5c) shows a well defined dome
shape reaching 500 m depth at the center and deepen-
ing to about 600 m at the rim. The implied geostrophic
speed (Fig. 5d) shows a westward surface intensified
jet extending over about 10 km near the northern rim
reaching about 18 cm s−1, with a corresponding east-
ward current covering the following 10 km, i.e. span-
ning the chimney scale. This well defined cyclonic shear
zone is consistent with a rim current, although there are
insufficient data to discern this from a background cur-
rent. The horizontal shear of the geostrophic current
is approximately 2×10−5 s−1, which is only one order
of magnitude smaller than f . Suffice it to say that the
chosen level of no motion is somewhat arbitrary, but in
agreement with other studies in the area, e.g. [Johan-
nessen et al., 1987a]. Elevating it to 500 m would reduce
the horizontal shear by roughly 50%. Furthermore, the
same authors showed that the barotropic velocities can
be considerable, especially over steep bottom features.
However, as we are focusing on upper ocean features
on the 10 km scale and smaller in an area of modest
topographic variability, the geostrophic current should
be fairly representative.

As the scale of the current system (20 km) is much
larger than Rd (= 3 km), the condition for baroclinic
instability is met [Pedlosky, 1979]. For the horizontal
structure of the geostrophic current, variability on the
kilometer scale should be interpreted with caution, since
the separation is comparable to Rd, not to mention the
nonsynopticity. It is not obvious if there is an inflection
point in the chimney scale horizontal velocity profile,
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the criterion for barotropic instability [Pedlosky, 1979].
Baroclinic instability thus seems to be the most likely
generation mechanism for the rim eddies, in agreement
with [Send and Marshall, 1995].

As mentioned above, also on the E–W section the
core water of the chimney is slightly colder (by less
than 0.05◦ C) and fresher near the rim than in the cen-
ter (Fig. 6a,b, at between 8 and 15 km from the west).
Again, the density displays a maximum in the same
area (Fig. 6c, at about 15 km). The relatively fresh wa-
ter near the surface (between 8 and 15 km) suggests
enhanced contact with the fresh pycnocline layer by
slightly enhanced convective mixing perhaps in com-
bination with the elevated pycnocline near the rim.

The pycnocline (Fig. 6c) is generally more leveled out
in comparison to the N–S section, or even has a slight
bowl shape, most markedly on the sides. The relatively
steep inclination of the pycnocline to the west gives rise
to a maximum northward geostrophic speed of about
6 cm s−1 in Fig. 6d. Besides from revealing somewhat
lower speed there was no well defined cyclonic circula-
tion that was seen on the N–S section.

Mesoscale Structure

The most detailed synoptic map of the near surface
structure of the chimney is that obtained from the 20 m
deep tows. For a better view of its rim we first in-
spect the last crisscrossings with the undulating Sea-
soar, Fig. 7. Again defining the core as enclosed by Fig. 7
the 0.7◦ C contour, it is apparent that it extends about
15 km in the meridional and 30 km in the zonal direc-
tions, as also seen on the CTD sections. The region to
the east of 1◦ E is apparently very patchy, with eddy-
like structures of less than 10 km extent, both cold/fresh
and warm/saline anomalies. In the lower right corner
in Fig. 7a,b resides the warm core anticyclonic feature
previously discussed in relation to Fig. 3. Its vertical
struture appears clearly on Seasoar Section 37 (Fig 1)
along 77.52◦ N (Fig. 8, descends 627–634). It is about Fig. 8
15 km in diameter and shaped as a lense, as is charac-
teristic for upper ocean anticyclones. Warm, saline AW
is also found in the northwestern part of the chimney,
bounded by a front (Fig. 7a,b), again consistent with
the previous information from the deep sections. Sim-
ilarly, the minimum of temperature and salinity just
inside the chimney core is also evident.

It is also revealed that the temporal variability is
significant. When comparing Figs. 7a,b from several
days of profiling and the final 6 hours, Figs. 7c,d, it is
seen that synopticity cannot be granted, e.g., the north-
western front has moved northwards. The final Seasoar



9

crisscrossing reinforced the previous overall view of the
area with respect to temperature (compare Figs. 7a and
c), although the spatial range was somewhat smaller.
Temporal variability is also evident on closer inspection
of CTD stations 1, 12 and 30, i.e. those taken at the
same location (77.57◦ N 0.5◦ E) separated by time in-
tervals of 13.5 and 29 hours, respectively (not shown).
In between stations 1 and 12 practically no change has
taken place, whereas between stations 12 and 30 the
mixed layer properties are virtually unchanged, with
the pycnocline depressed by approximately 60 m. Al-
though the latter stations are 500 m apart, the appar-
ent synoptic views presented should be interpreted with
caution.

A unique mapping of the internal horizontal struc-
ture of the chimney is provided by the Seasoar as it was
towed in approximately 20 m depth, sampling approx-
imately every 10 cm, along 6 E–W tracks 4 km apart
(Fig. 2). A contour plot of in situ ,T , S and σt is pre-
sented in Fig. 9, in which the high wavenumber variabil- Fig. 9
ity has been filtered to emphasize the mesoscale struc-
tures. (A consecutive median filter of width 101 was ap-
plied, yielding a resolution of about 10 m). Again, the
general structure agrees with the previous observations.
The relatively cold, fresh structures inside the core close
to the northwestern rim stand out even clearer. In
Fig. 9c it is seen that the core (dark green) has a max-
imum density > 28.016, with slightly higher values in
the southwestern part (σt ∼ 28.022).

The fine scale tows also provides insight that was
not possible from the 2.5 km resolution tows. E.g., the
warm and saline anomalies of ∼ 5 km scale seen at 1◦ E,
77.5◦ and 77.56◦ N in Fig. 9a,b could only be marginally
resolved during the previous profiling (Fig. 7). Alterna-
tively, the anomalies can have propagated from the east,
with an implied speed of 5 km over a day or so. Third,
the warm, saline feature, about 5 km wide, appearing
at the southern boundary at about 0.4◦ E (Fig. 9a,b) is
also missing in the previous data (Fig. 7a,b). Although
no definite conclusion can be drawn on the time scale
and potential propagation on the observed structures
on the 5 km scale, it is apparent that these features are
characteristic of the dynamics of the rim of the chimney.

Submesoscale Structure

For a detailed view of the horizontal T-S structure
the individual tracks from the constant depth survey
are plotted in Fig. 10. Considerable variability on the Fig. 10
1–5 km scale is evident, as well as an apparent decor-
relation between neighbouring tracks 4 km apart. The
gradients are occasionally sharp, i.e., of the order 0.2◦ C
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over less than a kilometer (Fig. 10c), and the north-
western rim is superposed by anomalies of the order
0.1◦ C on a few kilometre scale. On the other tracks
it is also seen that temperature anomalies of the or-
der 0.1◦ C over ∼ 1 km is a common feature, i.e., com-
parable to the cross core temperature range revealed
from the deep CTD sections (Figs. 5a and 6a). A T-S
scatter diagram (not shown) including the 6 tracks re-
veals a correlation between temperature and salinity of
ΔT/ΔS � 20◦ C psu−1, a relation that is also apparent
from the individual profiles. Thus, the salinity vari-
ability closely follows the temperature, consistent with
linear mixing of the AW and the uAIW.

Numerical experiment. To further study the subme-
soscale structure, a high resolution ocean model were
set up to mimic the chimney interior. The model used
is the MITgcm [Marshall et al., 1997a; Marshall et al.,
1997b] in its nonhydrostatic mode. The model domain
is 10 km×10 km representing the core of the chimney
and doubly periodic in the horizontal, and has a uni-
form depth of 3000 m, representative of the region. Ini-
tially, the fluid is motionless with a small amplitude
random horizontal perturbation added to the stratifi-
cation. The initial stratification is given by the po-
tential density of Fig. 4, related to the model’s active
tracer, potential temperature, through a linear equa-
tion of state, for simplicity (the thermal expansion co-
efficient, α = 0.5× 10−4(◦C)−1). The hydrography was
smoothed to remove the small scale noise due to static
instabilities. The numerical grid has a uniform horizon-
tal resolution of 250 m and 32 vertical levels with spac-
ing increasing smoothly from 20 m in the upper ocean
to 200 m toward the seafloor. The internal radius of de-
formation (about 3 km) is thus well resolved. The same
constant values were used for the Laplacian viscosity
and diffusivity. The horizontal was set to 5 m2s−1 and
the vertical to 0.02 m2s−1. These are similar to those
used by other authors, e.g., [Haine and Williams, 2002].

The heat flux from the ocean to the atmosphere was
typically 200 Wm−2 during the actual experiment. The
mixed layer cooling from this is quite weak, cf. the dis-
cussion of the previous section. A value of 500 Wm−2

has previously been associated with convective chim-
neys and surface heat fluxes in the area [Häkkinen,
1988; Häkkinen and Cavalieri, 1989; Johannessen et al.,
1991]. The latter was therefore used to initiate convec-
tion in the numerical model, producing quite vigorous
convection and some deepening of the mixed layer. Af-
ter the first 20 days, the heat flux was smoothly reduced
to the observed 200 Wm−2 for the remaining 30 days of
the simulation.
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The evolution of the vertical stratification is depicted
in Fig. 11. The horizontally averaged density is plot- Fig. 11
ted for every second day. It shows that most of the
mixed layer deepening takes place during the first 20
days of relatively strong cooling. In the horizontal,
distinct dense/light (cold/warm) anomalies of subduc-
tion/upwelling of 1 km scale emerge after about 1 day.
(A power spectrum, not shown, revealed peaks on 0.7
and 1.4 km.) Although the deepening of the mixed layer
is quite marginal after day 20, the convective anomalies
remain. Snapshots from day 30 of the density anoma-
lies and the horizontal velocity and divergence at 20 m
depth are shown in Fig. 12a,b. The sinking regions are Fig. 12
more intense than the upwelling, consistent with what
has been inferred from observations and theory in gen-
eral, cf. [Marshall and Schott, 1999].

The corresponding temperature difference between
the cold and warm anomalies are typically 0.01–0.04◦ C,
and the horizontal speed is 1–4 cm s−1. The spatial scale
and temperature anomalies are quite consistent with
the observed submesoscale variability (e.g., Figs. 10a,
e, k). Thus the present observations and numerical ex-
periment suggest that there is a preference for convec-
tion to be organized at a kilometer scale, intermediate
of the plume (see below) and the chimney scales. Simi-
lar patterns are also seen in the large-eddy simulations
of [Garwood et al., 1994], but the agreement may be
partly coincidental. Although they are concerned with
the high latitudes, their focus is thermobaric convection
and the temperature anomalies that emerge are smaller
than those reported herein.

The Plume Scale

The variability on the scale of a few hundred metres
is also prominent, with corresponding temperature vari-
ability in the ∼ 0.02–0.05◦ C range (Fig. 10). To quan-
tify the variability in a more objective manner, power
spectra were computed for all sections. From Fig. 10g,h
it is apparent that Section 47 has little variability on
the kilometer scale, thus allowing the variability on the
smaller scales to become more visible. The spectrum
is shown in Fig. 13 revealing a general linear decrease Fig. 13
of energy with wavenumber, i.e. a “classical” turbulent
cascade, in addition to a fairly distinct peak at 164 m.
The other sections were qualitatively similar, but lacked
a peak.

The variability on the kilometer scale and below is not
evenly distributed, as is especially well demonstrated
on Section 49, whose temperature profile is repeated in
Fig. 14a. Four distinct warm anomalies about 300 m Fig. 14
wide are seen in the southwestern part of the chimney,
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i.e. between 0 and 2 kilometers, each with peaks of
∼ 0.05◦ C above the background, i.e., comparable to
the typical cross ML temerature variation of ∼ 0.1◦ C.
Hypothetically, these may represent strong vertical mo-
tion. In an otherwise cold environment still under
cooling, such warm anomalies are consistent with as-
cending warmer water masses compensating the sink-
ing plumes. As the observations are only 20 m below
the ocean surface, the sinking counterparts have not
entrained enough ambient fluid to become visible.

Further quantification of the variability is provided
by a wavelet power spectrum [Kumar and Foufoula-
Georgiou, 1997] shown in Fig. 14b, in which the power
is plotted as function of distance along the track and
length scale, again for Section 49 as an example. The
signature of the mentioned peaks stands clearly out
with elevated values around 250 m scale and 2 km dis-
tance. Variability on the 250 m scale and below seems
to be localised in a handful of regions of a few kilometers
extent. These regions seem also to coincide with min-
ima of variability on the 0.5 to 1 km scale, but this is
more speculative. Over all, the areas of elevated power
on the 250 m scale and below are apparently not related
to any other quantities, such as power on other bands or
the values of the hydrographic parameters themselves.
Comparison of all sections (not shown), however, indi-
cates that the power on the mentioned band, has a fair
increase southwards. This is thus crudely correlated
with the occurence of chimney core waters (Fig. 9), i.e.
the likelihood for convection activity. Further investi-
gations are needed in order to possibly establish a con-
nection between the different spatial scales.

The apparent scale from Section 49 and the spectral
peak found on Section 47 are of the same order of mag-
itude, i.e. 100 m, in accord with the elevated power
levels for scales less than 250 m. This also agrees with
a plume scale l determined from external parameters (
[Marshall and Schott, 1999], Eq. 13a):

l = ( B
f3 )1/2.

Using the turbulent heat flux (Q =200 Wm−2) to de-
rive the buoyancy forcing B based on a representative
value for the thermal expansion coefficient, α =0.5 ×
10−4(◦ C)−1, as for the ocean model, yields

B = 0.3 × 10−7 m2s−3

and

l � 100 m.
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Finally, an aspect of our observations perhaps linked
to the microscale is worth mentioning. The sharp sepa-
ration of the warm, saline ML water and the cold, fresh
water beneath (Fig. 4) is striking. The approximate
property steps are ΔS = 0.05,Δθ = 0.75◦ C, respec-
tively. This stratification is opposite of what has been
observed earlier [Johannessen et al., 1991], and can
potentially allow upward thermobaric convection.

DISCUSSION

Our observations of Chimney94 indicate shallow con-
vection over 400–600 meters maintained by approxi-
mately 200 Wm−2 cooling at the surface. It can easilly
be shown that even if this flux works exclusively to cool
the mixed layer, it will take more than three months to
erode the thermocline. In other words, deep reaching
convection is very unlikely during the remaining winter.
Normally the heat flux in this area exceeds 500 Wm−2

[Häkkinen, 1988; Häkkinen and Cavalieri, 1989]. This
often occurs in connection with cold Polar air outbreaks
over warm water closer to the ice edge [Buckley et al.,
1979]. For such a flux the same deepening is obtained
in only about 35 days. The 1994 winter also appeared
to be warmer than normal for this area, implying less
intense convection.

Despite the modest convective activity, a main find-
ing is the evident horizontal variability on the submeso–
and plume scales. In the chimney interior there are
both in the observations (Fig. 10) and in the numerical
simulations (Fig. 12) clear signatures of submesoscale
anomalies. This suggests that there are three distinct
dynamical horizontal scales present: the chimney (or
meso), the submeso– and the plume scales. This is
in line with the ordering described by [Marshall and
Schott, 1999] for the Labrador and Greenland seas, but
with the important difference that they lack the inter-
mediate scale of the present study, the submesoscale.

The observed concentration of energy on the 100 m
horizontal scale, the plume scale, coincides with the
width of vertically convecting plumes in agreement with
several numerical studies and theoretical considerations
[Thorkildsen and Haugan, 1999; Marshall and Schott,
1999]. Furthermore, remote sensing observations in the
Greenland Sea by [Carsey and Roach, 1994] also point
to a plume scale of 100 m, with a separation between
plumes of about 300 m. We thus conclude that our ob-
servations show plume activity. More investigations are
needed to clarify the important interaction between the
various spatial scales.

Also notable is the irregular shape of the rim of the
chimney, indicating substantial activity by meanders or
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eddies, eroding the chimney from the sides, i.e., a re-
stratification process (Fig. 7). On the other hand, in
the north the θ-S structure suggests slightly enhanced
mixing with the underlying water where there is also
maximum cyclonic shear and the pycnocline is elevated
(Fig. 5). In this case a cyclone of the destabilized rim
current thus moderately assists convection. Taking our
observations, modelling and previous work together, the
state of the chimney – the ML depth and the horizon-
tal extent of the chimney – reflects a dynamical bal-
ance in which the cooling is the process supporting con-
vection and the erosion by the warm intrusions from
the Atlantic domain is the destructive process. With
a stronger cooling during the winter one should expect
deeper reaching convection and an expansion of the con-
vective region.

In contrast to Chimney94, Chimney89 also observed
in the Boreas Basin by [Johannessen et al., 1991] was
more well defined. It was by itself colder as it was lo-
cated closer to the ice edge and exposed to colder air
masses typical to the winter of 1989. Perhaps more im-
portant is its deep structure with high salinities (34.92),
indicating deep water in the core and surrounded by
relatively saline lAIW. In the same area deep water
was also observed at the surface in several O(10 km)
chimney-like structures. Upper ocean chimneys ob-
served two years earlier, in 1987, discussed by [Johan-
nessen et al., 1991], consisted of lAIW but lacked the
deep water core as for the 1989 observation. The more
marked presence of deep water in the chimney struc-
tures in 1989 relative to 1987 may indicate a gradual
renewal of the deep water mass between these years.

The observations from 1987 and 1989 suggest that
some preconditioning by lifting the lAIW to the sur-
face is necessary for a deep reaching chimney to form.
Such a mechanism may be Ekman pumping or a cy-
clonic eddy, as discussed elsewhere [Johannessen et al.,
1991; Killworth, 1979]. However, the very small bottom
to surface density difference reported to be 0.02–0.03
sigma-units by [Johannessen et al., 1991] is probably
also a reflection of the pre-existing structure of the deep
and intermediate waters [Budéus, 1998]. In contrast,
in 1994 the intermediate waters (500–1000 m) consist
of a much fresher uAIW (S ∼ 34.88) and the bottom to
surface density difference is 0.07 sigma-units (Fig. 4),
making penetration by surface convection unlikely, as
discussed previously. The inverted hydrography com-
pared to the earlier observation, with a slight capping
by warm, saline AW may also be due to the more east-
ern location of Chimney94.

According to [Gascard, 1990] 20 chimneys can ac-



15

count for a major part of intermediate and deep wa-
ter formation in the world ocean. In order to quan-
tify the integral effect of the chimneys in the Greenland
Sea, one has to estimate their number and life times in
addition to their vertical and horizontal structure. A
major issue is the role of baroclinic eddies associated
with the rim of the chimney. Is their major role in the
postconvective process [Marshall and Schott, 1999], or
do they also play an active role in the convection pro-
cess [Killworth, 1979; Straneo and Kawase, 1999; Elde-
vik and Drange, 2002; Gascard et al., 2002; Wadhams
et al., 2002]? Without being conclusive, our results def-
initely add more complexity to the picture: Apart from
the rich submesoscale and finer internal structure inside
the chimney described above, there are fronts and large
(15 km) anticyclones in the ambient water, obscuring
the separation of chimney core and exterior. Structures
at the rim of the chimney entangle T-S signatures of
water masses from the exterior (warm, saline) and the
chimney core (cold, fresh).

Strikingly, the densest near surface water ocurred on
the rim of the chimney, with the lightest, warmer, saltier
water located only 2.5 kilometres away. The dense wa-
ter anomaly also coincide with a strong cyclonic shear,
a maximum elevation of the pycnocline, and a slightly
larger cooling of 0.05◦ C. The latter is probably because
the surface forcing can operate slightly more effectively
over a relatively thinner ML. Again, the modest forcing
is taken as the reason why an unambiguous convection
process was not observed with well defined rim eddies
in a more symmetric pattern.

Finally, we note the special stratification of the Boreas
Basin, distingushing it from the Greenland Basin. In
the former, the Atlantic derivative situated at the sur-
face lies directly on top of the fresher and colder in-
termediate water, whereas in the Greenland Basin the
stratification is “normal” with usually a low salinity wa-
ter at the surface [Johannessen and Lygre, 1996]. In a
warm, saline over cold, fresh stratification a parcel of in-
termediate water entrained into the convecting ML will
become lighther than its surroundings and thus convect
freely due to thermobaricity. Such “upward” convection
is only possible in this atypical stratification and may
serve as a significant mechanism for assisting convec-
tion in cases when the surface forcing is not powerful.
A closer inspection of the role of the microscale pro-
cesses is beyond the scope of the present study.

CONCLUSION

For the first time, a chimney has been investigated
with a horizontal sampling interval down to 10 cm.
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Chimney94 in the Boreas Basin of the late winter 1994
was about 30 km in the zonal and 15 km in the merid-
ional directions, respectively, and with convection reach-
ing typically 500 m. Within the core of the chimney the
variability is notable on the submesoscale O(1 km) and
the plume scale O(100 m). The latter scale – for the
first time observed in this experiment – indicates active
plume convection in agreement with theoretical consid-
erations. A nonhydrostatic ocean model corroborates
that convection can be organized on the submesoscale
even under moderate forcing.

Strong activity on the rim of the chimney indicates
that it is vulnerable to destabilisation, inhibiting its fur-
ther development. Ambient anticyclones are not clearly
discriminable from those associated with the rim pro-
cess. Indications of augmented cooling inside rim cy-
clones is a sign of active, although weak, convection
competing against the break up process. Finally, the
special stratification with warm, saline over cold, fresh
is shown to be a potentially important ingredient in the
vertical exchange process.
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(eastward from the 0◦ meridian)and length scale [km]. The color
scale indicates relative variation of power with increasing levels
from dark blue via green and yellow through red. Power is dou-
bled for each color level. The four peaks between 0 and 2 km in
(a), with corresponding maximum in power in (b), is described
in the text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
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Figure 1. Ship track (lines) with leg numbers referenced in
the text, plotted for those tracks on which the Seasoar was
vertically profiling the mixed layer down to 250 m. Loca-
tion of the deep CTD stations (asterisks) and the ETOPO5
bathymetry (labeled contours) is also shown. The ice edge
is indicated in the upper left corner in gray shading.

Figure 1. Ship track (lines) with leg numbers referenced in the text, plotted for those tracks on which
the Seasoar was vertically profiling the mixed layer down to 250 m. Location of the deep CTD stations
(asterisks) and the ETOPO5 bathymetry (labeled contours) is also shown. The ice edge is indicated in
the upper left corner in gray shading.
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Figure 2. Blow-up of the survey area in the Chimney94 re-
gion. Deep CTD stations are marked with asterisks; smaller
symbols indicate 1000 m casts, larger denote casts to near
bottom. Station numbers in italics are referenced in other
figures. The tracks where the Seasoar was towed at a nom-
inal depth of 20 m are showed with lines; track numbers in
normal types. Coarse bathymetry (ETOPO5) is shown as
labeled contours.

Figure 2. Blow-up of the survey area in the Chimney94 region. Deep CTD stations are marked with
asterisks; smaller symbols indicate 1000 m casts, larger denote casts to near bottom. Station numbers
in italics are referenced in other figures. The tracks where the Seasoar was towed at a nominal depth of
20 m are showed with lines; track numbers in normal types. Coarse bathymetry (ETOPO5) is shown as
labeled contours.
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Figure 3. Horizontal plot of near surface (5 m) temperature
obtained with the Seasoar on 9–16 Feb. 1994. Temperature
scale [◦ C] to the right; contour interval is 0.2◦ C. Black dots
indicate location of individual profiles, approximately 2.5 km
apart.
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Figure 3. Horizontal plot of near surface (5 m) temperature obtained with the Seasoar on 9–16 Feb.
1994. Temperature scale [◦ C] to the right; contour interval is 0.2◦ C. Black dots indicate location of
individual profiles, approximately 2.5 km apart.
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Figure 4. Profiles at station 30 in the center of the chimney.
(POT, potential temperature; SAL, salinity; STH, σθ)

Figure 4. Profiles at station 30 in the center of the chimney. (POT, potential temperature; SAL,
salinity; STH, σθ)
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Figure 5. North to south CTD section through the core
of chimney of (a) potential temperature, (b) salinity, (c) σθ

and (d) geostrophic speed [cm s−1] relative to 1000 dBar.
Positive current is directed eastward, into the paper. The
features between 6 and 10 km and 10 and 15 km are de-
scribed in the text.

Figure 5. North to south CTD section through the core of chimney of (a) potential temperature, (b)
salinity, (c) σθ and (d) geostrophic speed [cm s−1] relative to 1000 dBar. Positive current is directed
eastward, into the paper. The features between 6 and 10 km and 10 and 15 km are described in the text.
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Figure 5. Continued

Figure 5. Continued
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Figure 6. West to east CTD section through the core of
chimney of (a) potential temperature, (b) salinity, (c) σθ

and (d) geostrophic speed [cm s−1] relative to 1000 dBar.
Positive current is directed northward, into the paper. The
features between 8 and 15 km are described in the text.

Figure 6. West to east CTD section through the core of chimney of (a) potential temperature, (b)
salinity, (c) σθ and (d) geostrophic speed [cm s−1] relative to 1000 dBar. Positive current is directed
northward, into the paper. The features between 8 and 15 km are described in the text.
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Figure 6. Continued
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(a) (b)

(c) (d)

Figure 7. Blow-up of of the Chimney94 area, showing (a,c)
temperature and (b,d) salinity. (a) and (b) maps were ob-
tained over 3.5 days, while (c) and (d) were derived from
the final 6 hours of the survey, immediately following the
former.

Figure 7. Blow-up of of the Chimney94 area, showing (a,c) temperature and (b,d) salinity. (a) and (b)
maps were obtained over 3.5 days, while (c) and (d) were derived from the final 6 hours of the survey,
immediately following the former.
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Figure 8. Seasoar Section 37, potential temperature. Con-
tour interval is 0.1◦ C. The section is running W-E on Fig.
7 at 77.52◦ N, extending further to the east, out of the panel.

Figure 8. Seasoar Section 37, potential temperature. Contour interval is 0.1◦ C. The section is running
W-E on Fig. 7 at 77.52◦ N, extending further to the east, out of the panel.
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Figure 9. Horizontal plot of the fine scale tows. Tem-
perature (upper) salinity (middle), sigma-t (lower). Data
have been smoothed with a 101 point median filter prior to
plotting
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Figure 9. Horizontal plot of the fine scale tows. Temperature (upper) salinity (middle), sigma-t (lower).
Data have been smoothed with a 101 point median filter prior to plotting
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Figure 10. Along-track distribution of in situ temperature
(left) and salinity (right) from the legs where the Seasoar
was towed in ∼20 m. The data have been reduced from ∼
10cm horizontal resolution to ∼ 10 m, by taking consecutive
medians

Figure 10. Along-track distribution of in situ temperature (left) and salinity (right) from the legs where
the Seasoar was towed in ∼20 m. The data have been reduced from ∼ 10cm horizontal resolution to
∼ 10 m, by taking consecutive medians
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Figure 11. Modeled development of density [sigma units]
versus depth [m] subject to a heat flux 500 Wm−2 for the
initial 20 days and 200 Wm−2 the remaning 30. A curve is
plotted every 2 days, starting with the dashed one.

Figure 11. Modeled development of density [sigma units] versus depth [m] subject to a heat flux 500
Wm−2 for the initial 20 days and 200 Wm−2 the remaning 30. A curve is plotted every 2 days, starting
with the dashed one.
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Figure 12. Model state in 20 m depth at t = 30 days for (a)
density anomaly relative to 28.0405 kgm−3 and (b) horizon-
tal divergence superimposed by velocity vectors (reference
arrow 2 cms−1. Units are [10−3 kgm−3] in (a) and [10−4

s−1] in (b). Co-ordinates in km.

Figure 12. Model state in 20 m depth at t = 30 days for (a) density anomaly relative to 28.0405 kgm−3

and (b) horizontal divergence superimposed by velocity vectors (reference arrow 2 cms−1. Units are [10−3

kgm−3] in (a) and [10−4 s−1] in (b). Co-ordinates in km.
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Figure 13. Power spectrum of temperature section 47[log10
of power] vs. wavenumber [log10(cycles m−1]. The original
section was subdivided into 3 detrended chuncks prior to
processing. The peak at about 100.785 cpm, marked with a
circle, corresponds to 164 m. The 95% confidence intervals
are indicated in the lower left corner.

Figure 13. Power spectrum of temperature section 47[log10 of power] vs. wavenumber [log10(cycles
m−1]. The original section was subdivided into 3 detrended chuncks prior to processing. The peak
at about 100.785 cpm, marked with a circle, corresponds to 164 m. The 95% confidence intervals are
indicated in the lower left corner.
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Figure 14. (a) Temperature profile along section 49 [◦ C]
and (b) wavelet power spectrum of the same section as func-
tion of distance [km] (eastward from the 0◦ meridian)and
length scale [km]. The color scale indicates relative varia-
tion of power with increasing levels from dark blue via green
and yellow through red. Power is doubled for each color
level. The four peaks between 0 and 2 km in (a), with cor-
responding maximum in power in (b), is described in the
text.

Figure 14. (a) Temperature profile along section 49 [◦ C] and (b) wavelet power spectrum of the same
section as function of distance [km] (eastward from the 0◦ meridian)and length scale [km]. The color scale
indicates relative variation of power with increasing levels from dark blue via green and yellow through
red. Power is doubled for each color level. The four peaks between 0 and 2 km in (a), with corresponding
maximum in power in (b), is described in the text.


