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ABSTRACT: The deepwater formation in the northern part of the South Adriatic Pit (Mediterranean Sea) is investigated
using a unique oceanographic dataset. In situ data collected by a glider along the Bari–Dubrovnik transect captured the
mixing and the spreading/restratification phase of the water column in winter 2018. After a period of about 2 weeks from
the beginning of the mixing phase, a homogeneous convective area of ∼300-m depth breaks up due to the baroclinic insta-
bility process in cyclonic cones made of geostrophically adjusted fluid. The base of these cones is located at the bottom of
the mixed layer, and they extend up to the theoretical critical depth Zc. These cones, with a diameter on the order of inter-
nal Rossby radius of deformation (∼6 km), populate the ∼110-km-wide convective site, develop beneath it, and have a
short lifetime of weeks. Later on, the cones extend deeper and intrusion from deep layers makes their inner core denser
and colder. These observed features differ from the long-lived cyclonic eddies sampled in other ocean sites and formed at
the periphery of the convective area in a postconvection period. So far, to the best of our knowledge, only theoretical stud-
ies, laboratory experiments, and model simulations have been able to predict and describe our observations, and no other
in situ information has yet been provided.
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1. Introduction

The dense water formation is a critical phenomenon that
affects physical, chemical, and biological properties of the water
masses at different spatial and temporal scales and is an essen-
tial process for the renewal and ventilation of the deep and
intermediate ocean water masses. Due to their small scale,
intermittent character, and relatively short duration, convec-
tive processes are difficult to explore with traditional in situ
observations; hence, little is known about their mechanisms
and their physical and biogeochemical effects. In addition,
considering that any attempt to understand, model, and pre-
dict the evolution of the regional/global ocean circulation is
influenced by the dense water masses redistribution, a more
accurate and detailed assessment of their formation, evolu-
tion, and spreading mechanism is mandatory (Testor et al.
2019). The dense water formation process, also called deep
convection, composed by the preconditioning, mixing, and
spreading phases, occurs only in key regions of the ocean such
as the Labrador, central Greenland, and Weddell Seas (Schott
et al. 1993; Gordon 1982), and also in the Mediterranean Sea,
in particular in the northwestern basin and in the South
Adriatic (SA) Sea (Houpert et al. 2016; Cushman-Roisin
et al. 2001; Kokkini et al. 2020). The preconditioning phase
occurs during early winter in areas with size of 100 km or
larger, where the isopycnals doming, induced by the local
cyclonic circulation, reduces the stability. The mixing phase
takes place when an intense buoyancy loss associated with
severe atmospheric conditions erodes the near-surface strat-
ification leading to a large mixed area, the convected area.

The spreading phase marks the end of the mixing phase and
is responsible for the restratification of the water column.

Using high-resolution glider data collected in the South
Adriatic Pit (SAP), a subbasin of the Mediterranean Sea, the
present work characterizes in detail the dense water forma-
tion process occurring in winter 2018. In particular, the paper
focuses on the formation mechanism of convective cyclonic
spinning cones and their breaking mechanism. These cones
develop underneath the convected area during the mixing
phase and break within the spreading phase. In situ results
are corroborated with reanalysis model products and theoreti-
cal arguments.

So far, to the best of our knowledge, the dynamics of these
specific types of convective cyclonic cones can only be as-
cribed to laboratory experiments, numerical analysis, and the-
oretical arguments (Jones and Marshall 1993; Marshall et al.
1994; Maxworthy and Narimousa 1992, 1994; Visbeck et al.
1996, among others). These studies theoretically explain the
physical processes involved with the cones’ formation during
the mixing phase. That is, when the surface cooling starts to act
over the preconditioned area, it produces a three-dimensional
(3D) turbulent mixed layer which, unaffected by Earth’s
rotation, expands from the surface down to a theoretical
critical depth Zc (convective process). Below this depth and
on a time scale t ∼ O(2p/f) where f is the Coriolis parame-
ter (∼1024 s21 in the SAP), the rotation begins to affect the
turbulence and small convective cells called plumes with a hor-
izontal scale# 1 km and vertical velocities up to 10 cm s21 de-
velop (Stommel et al. 1971; Schott and Leaman 1991; Schott
et al. 1996; Lilly et al. 1999; Marshall and Schott 1999; Mertens
2000; Margirier et al. 2017). The newly formed plumes, by
performing ascending and descending motions, are respon-
sible for “churning” and efficiently mixing the properties ofCorresponding author: Annunziata Pirro, apirro@ogs.it

DOI: 10.1175/JPO-D-21-0108.1

Ó 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

P I R RO E T AL . 2049SEPTEMBER 2022

Brought to you by ISTITUTO NAZIONALE DI OCEANOGRAFIA E DI GEOFISICA SPERIMENTALE | Unauthenticated | Downloaded 09/01/22 08:57 AM UTC

mailto:apirro@ogs.it
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


the underneath water column, allowing the convection to
penetrate deeper, below the critical depth. This mechanism
is responsible for the formation of the mixed layer depth
(MLD), which has a horizontal extent of about tens of kilo-
meters (Schott et al. 1993). The plumes that form below Zc

(and within the MLD), come under geostrophic control and
a vorticular motion starts to develop in the water column
(Legg and Marshall 1993; Maxworthy and Narimousa 1994;
Ivey et al. 1995). The above condition can occur only if the
ocean depth H is larger than Zc (for Zc , H); in other
words, if the Coriolis effect is prominent (for R*

o , 1), where
R*

o � Zc/H is the natural Rossby number. In the subsequent
days, when the baroclinic instability comes into play (Killworth
1976, 1979; Jones and Marshall 1993), the convective site loses
its nearly circular initial shape and breaks up into convective cy-
clonic spinning cones (baroclinic adjustment process). These
cones have a theoretical horizontal predictable length scale and
extend from the theoretical Zc down the bottom of the MLD
(Nardelli and Salusti 2000). With the continuous deepening of
the convective layer, the horizontal density gradient at the edge
of the convective region supports the formation of a peripheral
rim current in “thermal wind” balance, constraining the con-
vected fluid and the formed cones from further lateral expan-
sion. Once the baroclinic instability is fully developed, this rim
current evolves in shape and generates at its edges surface
finite-amplitude baroclinic eddies scaled by the Rossby radius
of deformation Lr.

Fernando et al. (1991) found that for a homogeneous flow,
the above theoretical critical depth scales as Zc � (B0/f 3)1/2,
where B0 indicates the buoyancy flux applied to the region
and the natural Rossby number R*

o introduced above scales
as (Jones and Marshall 1993 and Maxworthy and Narimousa
1994)

R*
o � Zc

H
� B1/2

0

f 3/2 H
: (1.1)

In the present study, we consider the case of R*
o , 1 (Zc, H),

which is a typical condition of the main convection sites, where
values of R*

o range between 0.01 and 1 (Leaman and Schott
1991; Marshall et al. 1994). In addition, considering that the
2018 convection occurs in a stratified fluid, it is more appro-
priate to describe the vertical evolution of the convective
area with the following one-dimensional characteristic depth
(Turner 1973):

h �
������
2B0t
N2

√
, (1.2)

where N, the Brunt–Väisälä frequency, is a measure of the
ambient stratification and the time scale t ∼ O(2p/f) (Jones
and Marshall 1993; Helfrich 1994; Visbeck et al. 1996;
Whitehead et al. 1996).

The mixing phase usually ends with the weakening of the
atmospheric forcing (Houpert et al. 2016), and the following
spreading phase breaks the convective site. However, the end
of the convection can also be caused by the submesoscale in-
stabilities developed during the mixing phase and described

above (Swart et al. 2015; Thomalla et al. 2015; Du Plessis et al.
2017). The role and the effects of these eddies were first ad-
dressed by Killworth (1976, 1979) in his theoretical studies
and later by the numerical simulation of Visbeck et al. (1996).
These studies show that the newly formed eddies sweep strati-
fied surface waters from outside into the convective region,
pushing the convected water downward to greater depths.
The established water mass transport sets up a steady state in
which lateral buoyancy flux offsets the loss of vertical buoy-
ancy at the surface, thereby arresting the vertical evolution of
the MLD. Visbeck et al. (1996), using a “parcel theory,” esti-
mated the maximum extension of the MLD, hfinal, and the
time required, tfinal, to reach it.

The decay of the convection area occurs on a time scale of
days (Stommel 1972), and within a week after the end of the
cooling, the surface restratification develops on top of the
mixed patch (Jones and Marshall 1997). In the present work,
the inward stratified water advection (due to lateral eddies) is
shown to be responsible for breaking the cones. However, in
the event of a new surface cooling, the stratified surface layers
may once again be breached, convective plums develop, and
the sequence of the events repeated (Jones and Marshall
1993; Houpert et al. 2016).

To support the theory, Maxworthy and Narimousa (1994)
simulated in the laboratory the convection process by intro-
ducing saltwater only over a limited circular region of a rotat-
ing tank filled with homogeneous fluid of depth H. For the
case of Zc , H, short-lived vortices formed beneath the
source due to the baroclinic instability of the water column.
They suggest that the theoretical horizontal scale of the geo-
strophically adjusted cones is

Dcone ∼ Lr ∼
(B1/4

0 f 1/2 H)1/2
f

(1.3a)

and therefore

Dcone ∼
����
R*o

√
H: (1.3b)

More precisely, their experiment shows that

Dcone ∼ (5:261) ����
R*

o

√
H. However, Phillips (1966) suggests that

when the radius of the convective region (r) is greater than

hfinal, a factor of (r/hfinal)1/3 should multiply the original estimate
of Dcone. The numerical simulations of Jones and Marshall
(1993) support the scaling experimentally tested by Maxworthy
and Narimousa (1992, 1994) in the laboratory, and the results
support each other. Results of a similar laboratory experiment
conducted byMarshall et al. (1994) are in agreement with previ-
ous works.

In situ data collected in the northwestern Mediterranean
Sea during convection periods highlight the presence of cy-
clonic cones which differ, however, from the ones presented
in this study. Using glider data, the comprehensive study of
Bosse et al. (2016) examines the physical and dynamical char-
acteristics of deep cyclonic submesoscale coherent vortices
(SCVs) formed during the 2009–13 period. These long-lived
(∼1 year) SCVs with a radius of ∼5–8 km seem to be
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generated by the bottom-reaching convection and, according
to the high-resolution numerical simulations of Damien et al.
(2017), they are not linked to the mixing phase. Most likely
they are involved in the restratification process when the front
bounding the deep mixed patch (∼2300 m) becomes baroclini-
cally unstable, allowing the MLD to break. These cyclonic ed-
dies are thus generated around and outside the homogeneous
convective area. Evidence of long-lived SCVs have also been
observed in other regions like the Labrador Sea convective
site (Gascard and Clarke 1983; Lilly and Rhines 2002). The
formation process of the above eddies reflects the theoretical
and laboratory arguments of a different condition, where
Zc $ H (or R*

o$1). For this case, the MLD first propagates
all the way to the bottom and then spreads radially. After
propagating for about one Rossby deformation radius, baro-
clinic eddies form at the edge and outside the spreading front
(and not below the convective site) (Maxworthy and Narimousa
1994; Deardorff 1985).

The SAP, just as other sites of the world, has the prerequi-
site conditions for an open-ocean convection process (Manca
et al. 2002). The presence of the cyclonic SA gyre (Manca and
Giorgetti 1998; Kovačević et al. 1999; Poulain 2001; Poulain
and Cushman-Roisin 2001) associated with episodes of cold
and dry continental air outbreaks (bora wind) enhances the
doming structure bringing close to the surface the saline water
(mainly the Levantine Intermediate Water) with practical sa-
linity as high as 38.9 (Buljan and Zore-Armanda 1976). This
convective site makes the SA the most important source of
dense water of the eastern Mediterranean (Pollak 1951; Wüst
1961; Schlitzer et al. 1991; Malanotte-Rizzoli et al. 1997).

In the last decades, numerical studies (Oddo et al. 2005;
Mantziafou and Lascaratos 2008; Querin et al. 2013), histori-
cal data (Artegiani et al. 1989, 1997), and in situ measure-
ments (Ovchinnikov et al. 1985; Manca et al. 2002; Gačić et al.
2002; Poulain et al. 2012; Kokkini et al. 2020; among others)
have been used to investigate the cyclonic circulation of the
SA and the dense water formation process. Mantziafou and
Lascaratos’s (2004) simulations evidence that in the SAP the
dense water formation occurs within a small cyclonic eddy
(D ∼ 80 km) located inside the SA gyre (D ∼ 150 km) having
a MLD of ∼700 m and the maximum potential density su of
∼29.18 kg m23. Previous in situ observations confirm that con-
vective MLD ranges between 600 and 800 m with a slightly
lower su between 29.16 and 29.18 kg m23 (Ovchinnikov et al.
1985; Manca and Bregant 1998; Manca et al. 2002; Nardelli
and Salusti 2000). However, to the best of our knowledge, no
short-lived (order of weeks) cyclonic cones have yet been sam-
pled beneath (and not around/outside) a local homogeneous
area, along with their dissipation.

Since 2013, the Mobile Autonomous Oceanographic Systems
(MAOS) group of the National Institute of Oceanography and
Experimental Geophysics (OGS) has been extensively involved
in monitoring the SA deep convection processes using autono-
mous underwater vehicles. In this work, we use an oceano-
graphic dataset collected by a glider during the Convex 2018
field campaign from 29 January to 17 February 2018 along the
Bari–Dubrovnik transect.

The paper is organized as follows: description of in situ
glider data, reanalysis products, and theoretical arguments
employed, along with the methods, are described in section 2.
Analysis of the glider observations is presented in section 3.
The characterization and the dynamics of the modeled
convective area is addressed in section 4. Discussion of the
results supported by theoretical studies and comparison
with modeled reanalysis data are given in section 5. Con-
clusions and recommendations for future field campaigns
are in section 6.

2. Data and methods

a. Glider dataset

The glider data collected during the Convex 2018 field
campaign (29 January–17 February 2018) are part of a long
project started in 2013 focusing on monitoring the dense wa-
ter formation in the SAP during the preconditioning period
(November–December) and the mixing/spreading phase
(January–March). To this end, a Bari–Dubrovnik quasi-zonal
transect is conducted twice a year during the winter season.
The Convex 2018 mission consists of four repeated ∼110-km-
long transects (sections 1–4) and an additional truncated tran-
sect of about 40 km long (Fig. 1). The Slocum 403 Leonardo
glider moved in a sawtooth pattern down to a depth of ∼950 m
while performing downward and upward profiles. The mean
distance between two consecutive surfacings is ∼3.5 km and is
covered in about 3 h. The glider was equipped with a pumped
SeaBird CTD for the measurement of conductivity, tempera-
ture, and depth that were sampled at 2-s intervals resulting in

FIG. 1. Bathymetry of the South Adriatic Pit in meters. The
white dashed line highlights the study area. The yellow line (G) in-
dicates the modeled Bari–Dubrovnik glider transect closest to the
glider trajectory. The latter is calculated by averaging the positions
of the first four glider trajectories. Black lines indicate two parallel
sections used for inspection, and a magenta triangle indicates the
deployment point used to calculate the distances in Figs. 2a–e.
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a vertical resolution of about 40 cm (see http://nettuno.ogs.
trieste.it/sire/glider/glider_history.php?id_glider_history=34
for the glider technical configuration). CTD data were qual-
ity controlled: temperature and salinity data outside the ex-
pected range of values in the Adriatic Sea (128–188C and
388–408C, respectively), and the data corresponding to non-
monotonic pressure values were discarded. Since the mounted
CTD was pumped, no thermal-lag correction was applied.
Temperature and salinity data were then linearly interpo-
lated over a regular time–depth grid (1 h and 10 m) and over a
distance–depth grid (1 km and 10-m depth). The distance was
computed from the deployment point (41.68N, 17.28E).

Using glider data, the cross-track geostrophic vertical shear
was computed by integrating the thermal wind equation for
depth–potential density sections 1 and 2, where the most two
developed convective cones were sampled. Following the
work of Todd et al. (2009), to remove isopycnals oscillations
due to internal waves activity, a low-pass filter with a cutoff
length equal to the first baroclinic deformation radius was first
applied. The modal structure for the first baroclinic mode,
performed on a typical density profile, yields a deformation
radius of 6 km. Please note that no alterations to the cones’
signatures were observed to the filtered profiles. Following a
novel method proposed in the work of Bosse et al. (2016), the
geostrophic component was computed from the depth average
currents (DAC) deduced by the glider and the geostrophic
shear (see their appendix A for more details). Specifically,
knowing the geostrophic shear y ′g(r,z) [computed as described
above) and the total depth-average velocity yc(r)] estimated by
the glider, the geostrophic depth-average velocity yg (r) was
then retrieved by solving Eq. (A3) in Bosse et al. (2016).

The water vertical velocity wwater was inferred by the glider
data and computed by following the procedure of Merckelbach
et al. (2010), whose methodology is based on a quasi-static flight
model. The wwater is estimated as the difference between the
velocity derived from the rate of change of pressure (zp, the
depth measured by the glider CTD sensor) and that predicted
by the optimized glider flight model:

wwater �
dzp
dt

2 wglider: (2.1)

Since we used the same glider hull as in Merckelbach et al.
(2010), we adopted some of their flight model parameters.
The other parameters specific to our glider hull are listed in
Table 1. The drag coefficient (CD0), glider volume (Vg),
and hull compressibility («) were optimized as required by
the method assuming that the mean difference between the

observed vertical velocity (derived from pressure sensor out-
put) and the modeled vertical velocity (wglider) is zero for the
correct parameter setting. Therefore, by minimizing the cost
function [Eq. (16) of Merckelbach et al. 2010] the three pa-
rameters were estimated. A recommended window period of
1-day average has been applied. Additionally, only glider data
corresponding to an absolute pitch angle higher than 218 were
considered to exclude surface or apogee maneuvers.

To estimate the cones diameter from observations we ap-
plied Saunders’s (1973) theory to the potential density glider
measurements (section 3d). He showed that the diameter of a
conical feature is 2ro, where ro is the radius of a rotating
denser homogeneous water column immersed in a less dense
fluid, which slumps under the baroclinic instability. In addi-
tion, the DAC estimated by the glider data are also used to
estimate the diameter of the cones.

b. Operational atmospheric and oceanic products

1) ERA5 ATMOSPHERIC REANALYSIS DATASET

The ERA5 reanalysis operational products were used to
compute the surface buoyancy flux (B0) and the net heat flux
(Qnet). This dataset combines model data with observations
using an assimilation principle based on numerical weather
prediction center methods and has a temporal and horizontal
resolution of 1 h and 0.258 3 0.258, respectively. Downward
and upward longwave radiation, downward and upward short-
wave radiation, latent heat flux, sensible heat flux, total precip-
itation, and evaporation were considered to compute Qnet and
B0. Following Mertens and Schott (1998), B0 was expressed as

B0 �
g
r0

au

cw
Qnet 2 r0 bs S (E 2 P)

[ ]
, (2.2)

where g = 9.81 m s22 is the gravity acceleration, r0 = 1000 kg m23

is the density reference, au = 2 3 1024 K21 and bs = 7.6 3 1024

are the thermal expansion and the haline contraction coeffi-
cients, cw = 4000 J Kg21 K21 is the heat capacity of the water,
E 2 P indicates the net freshwater flux while S represents the
sea surface salinity [see section 2b(2) for reference], and Qnet

is the sum of the four components of the atmospheric forcing:
the longwave and shortwave radiation and the latent and sen-
sible heat flux.

2) MEDITERRANEAN SEA PHYSICS ANALYSIS AND

FORECAST DATASET

Sea surface salinity used in Eq. (2.2), hourly MLD profiles
(based on the su criterion), and daily maps of seawater

TABLE 1. Parameters of the glider flight, their origin, and values used for Convex 2018. Notation employed follows
Merckelbach et al. (2010).

Parameter Origin Value

Glider volume (Vg) Optimized 57.32 L
Parasite drag (CD0) Optimized 0.16 rad22

Hull compressibility («) Optimized 1.8 3 10210 Pa21

Reference water temperature (T0) Constant (computed) 14.168C
Glider mass (mg) Characteristic of the glider 59.0 kg

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 522052

Brought to you by ISTITUTO NAZIONALE DI OCEANOGRAFIA E DI GEOFISICA SPERIMENTALE | Unauthenticated | Downloaded 09/01/22 08:57 AM UTC

http://nettuno.ogs.trieste.it/sire/glider/glider_history.php?id_glider_history=34
http://nettuno.ogs.trieste.it/sire/glider/glider_history.php?id_glider_history=34


potential temperature at the surface and along the glider track,
were obtained from Copernicus Analysis Forecast products.
They have a horizontal grid resolution of 1/248 (∼4 km) and
141 unevenly spaced vertical levels. The potential density (ru)
at different depths was computed from the above temperature
and salinity analysis products.

c. Meteorological data

Wind magnitude and direction were collected by the E2-M3A
meteorological station, located in the area of the SAP at
41.838N, 17.758E (Bensi et al. 2014). The wind data collected
4 m above the surface water with a period of 30 min are ob-
tained by a wind speed and wind direction sensor (Young’s
Model 04101 Wind Monitor-JR). This instrument has a speed
accuracy of 60.5 m s21 for wind speed less than 10 m s21 and a
direction accuracy of 658. Collected data are transmitted in real
time to an online server by the surface buoy. More details of
E2-M3A system can be found at http://nettuno.ogs.trieste.it/
eurosites/E2-M3A_SITE.html.

3. Results: Field observations

The Convex 2018 field campaign was performed by the
glider from 29 January to 17 February 2018 along the
Bari–Dubrovnik transect (yellow line in Fig. 1). This section, as
a part of the SAP, is of particular interest for the monitoring of
the dense water formation. Specifically, during the winter sea-
son this area is subjected to a negative heat flux and the con-
comitant occurrence of cold and dry bora winds generates
vertical and horizontal dense homogeneous regions (e.g.,
dashed rectangle in Fig. 1) identified as potential areas of con-
vective activity. The formation and the breaking mechanism of
the convective cones occurring during this dense water formation
process were studied using potential temperature (u) since this
parameter better highlights these features and their evolution. In
addition, a list of the parameters employed in the present study is
reported in Table 2.

a. Section 1: Bari–Dubrovnik

Potential temperature along section 1 (Bari–Dubrovnik)
between 29 January and 1 February is shown in Fig. 2a (middle
panel). The 110-km-long transect appears to be highly heteroge-
neous in space, capturing convective cones at different develop-
ment stages. Hereafter, the x axis is defined as distance in
kilometers from the deployment point.

The first convective cone (named cone A) is centered at
∼10 km. This cone in the upper ∼400 m of water is delimited by
two nearly vertical isotherms (14.238C) at approximately 5 and
15 km. Its outer boundary is defined by the inward sloped
14.218C isotherm located at ∼150 m of depth while its colder core
is defined by the 14.068–14.168C lines. The cone potential density
(Fig. 2a, lower panel) highlights a dense core ranging between
1029.126 and 1029.15 kg m23 while a near vertical 1029.122 kg m23

isopycnal outcrops at the surface. A water mass with u = 14.248C
and ru = 1029.12 kg m23 is also located on both sides of cone A.

Cone B (Fig. 2a, middle panel) is the most evident and
well-defined cone; it outcrops at the surface along the
14.148–14.208C isotherms between 30 and 40 km and extends

down to about 600 m. Its top defined by the 14.068C isotherm
is located at the depth of ∼100 m while its core (centered at
∼35 km) is colder (u , 14.068C) and has a ru that ranges from
1029.145 to 1029.165 kg m23. The nearly vertical isotherm of
14.238C bounds its left side as occurring for cone A. The
depth-average currents (Fig. 2a, upper panel) highlight the
presence of the cyclonic cone B. The formation of another
cone, cone C, at ∼60 km pushes the 14.218–14.258C isotherms
upward letting the 14.198–14.208C isotherms (dashed lines in
the Fig. 2a, middle panel) be the left and right boundaries of
cone C. The rising up of the 14.168–14.208C isotherms between
52 and 65 km indicates that cone C is in the process of forming.
Other two warm and less dense water patches (u . 14.248C,
ru = 1029.12 kg m23) are found above cone C (z , 100 m) and
also approximately at 100 km. A homogeneous water column
embedded in the 14.198–14.208C isotherms (tilted inward) be-
tween 70 and 95 km is detected on 1 February. The DAC sug-
gest that the area. 17.88E is subjected to a cyclonic activity.

b. Section 2: Dubrovnik–Bari

On the way back from Dubrovnik to Bari (from 2 to
6 February), in addition to the formation process of cone C
and two other cones (cones D and E centered at ∼80 and
100 km, respectively), the glider data also capture the break-
ing mechanism of cone B (Fig. 2b).

All cones are enclosed within the 14.208C (1029.128 kg m23)
isotherm (isopycnal). Specifically, on 2 February the
14.148–14.168C isotherms rise up to ∼250 m, shaping more
properly cone E whose outer density is 1029.132 kg m23.
The homogeneous water column detected earlier between
70 and 95 km on 1 February (Fig. 2a) starts to evolve into cone
D with a lifting of the 14.168C isotherm up to ∼200 m. The po-
tential density signal follows the potential temperature varia-
tions; in particular, the 1029.135–1029.132 kg m23 isopycnals
follow the 14.148–14.168C isotherms. Therefore, we probably

TABLE 2. Parameters used in the present article.

R*
o �

Zc

H
Natural Rossby number

Zc � B0

f 3

( )1/2
Critical depth

h �
�������
2B0t
N2

√
Characteristic depth for stratified flow

Dcone ∼ ����
R*

o

√
H Theoretical cone diameter

B0 Buoyancy flux
Lr Rossby radius of deformations
Rog(r) = yg(r)/rf Geostrophic Rossby number
g(x, y) Cost function
« Correction factor
R Apparent cone radius
|Vmax| Mean of peak velocities
R« Corrected apparent cone radius
Vmax

« Corrected max velocity
Ro = 2|Vmax|/fR Rossby number
hfin Final mixing depth
tfin Final mixing time
ro Radius of the homogeneous water column
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FIG. 2a. (top) Depth-average currents deduced by the glider; the green square indicates
the cone B center detected with the cost function. The x and y axis labels are longitude
(8E) and latitude (8N), respectively. (middle) Potential temperature (8C), and (bottom)
potential density (kg m23) measured by the glider along the Bari–Dubrovnik section 1 as
a function of depth and distance. On the x axis in red is the corresponding longitude (8E)
and in magenta the time (days/hours:minutes). From left to right: at ∼10 km cone A, at
∼30 km cone B, and at ∼60 km cone C. Red letters identify the cones, and magenta trian-
gles identify the position of the glider profiles carried out inside the cone B. The dashed
box and arrows in the lower panel identify the cone area and the Rossby radius of defor-
mation distance, respectively, used to define the cones diameter. Blue dotted line in the
bottom panel show the MLD observed from the glider data.
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expect that after a few days, both cones D and E would outcrop
at the surface with an isopycnal of 1029.135–1029.132 kg m23.
The DAC at ∼17.88 and 188E still point out a cyclonic activity
that most probably can be associated to cone D and cone E. At

60 km, cone C is now fully developed and is similar to cone B
(in Fig. 2a, central panel): both 14.148 and 14.168C isotherms
outcrop at the surface while the colder inner core of cone C is
defined by the 14.068C line below the critical depth Zc. The

FIG. 2b. (top) Depth-average currents deduced by the glider; green square indicates cone
C center detected with the cost function. The x and y axis labels are longitude (8E) and lati-
tude (8N), respectively. (middle) Potential temperature (8C) and (bottom) potential density
(kg m23) measured by the glider along the Bari–Dubrovnik section 2 as a function of depth
and distance. The x axis label is the same in as (a). From left to right: at ∼30 km cone B, at
∼60 km cone C, between 70 and 95 km cone D, and at ∼100 km cone E. Red letters identify
the cones, and magenta triangles identify the position of the glider profiles carried out
inside the cone C. Dashed box and arrows in the bottom panel identify the cone area and
the Rossby radius of deformation distance, respectively, used to define the cones diameter.
The red dotted line in the bottom panel shows the MLD observed from the glider data.

P I R RO E T AL . 2055SEPTEMBER 2022

Brought to you by ISTITUTO NAZIONALE DI OCEANOGRAFIA E DI GEOFISICA SPERIMENTALE | Unauthenticated | Downloaded 09/01/22 08:57 AM UTC



isopycnal ru = 1029.132 kg m23 outcrops at the surface while
the core of cone C has a ru larger than 1029.135 kg m23. Cone
C is well detected by the DAC.

By midday on 6 February (Fig. 2b), glider data disclosed a
warmer (14.198–14.248C) and lighter (ru , 1029.128 kg m23)
water mass inside the convective area in the upper ∼300 m
and from the west side (10–40 km). By intruding toward the
east, this water mass pushes the upper left side of the cone B,
which bends and folds on itself. By late 6 February, residual
traces of cone A are present with the 14.048–14.068C iso-
therms reaching the depth of ∼650 m (white line in Fig. 2b).

c. Sections 3–5: Postmixing phase

From 7 to 11 February along the third Bari–Dubrovnik
track (Fig. 2c, upper panel), the 14.048–14.068C isotherms that
identified cone B and cone C inner core drop between 600 and
700 m, which corresponds to the maximum depth reached by
the mixed layer (hfin = 650 m, see section 5) predicted by the
theory. Above this depth, patches of 14.198–14.208C are em-
bedded within the 14.148–14.168C isotherms, except for the

area between 35 and 45 km where the 14.148–14.168C iso-
therms still outcrop at the surface.

The in situ potential density (Fig. 2c, lower panel) approxi-
mately follows the in situ potential temperature signal, and the
range of ru in the upper 600 m is 1029.12–1029.135 kg m23,
which is larger than 1029.12 kg m23 (water characteristic of the
four patches detected in Fig. 2a). The MLD computed from the
glider data using the Dsu = 0.03 kg m23 criterion, also shows a
mixed layer of about 650 m.

Along the fourth Dubrovnik–Bari section (11–14 February)
cold (warm) and denser (less dense) patches started to form in the
upper 600 m and within the MLD (Fig. 2d, upper and lower pan-
els). This characterization of the water masses becomes more evi-
dent on 14–15 February. During this period (fifth section, Fig. 2e
upper and lower panel), patches of warmer and less dense water
alternate with patches of colder and denser water. Therefore, a se-
quence of downwelling and upwelling convective cells that proba-
bly recall the so-called plumes are detected along the first 40 km,
in the upper ∼500 m, and for a period of about 27 h.

Following the procedure of Merckelbach et al. (2010), we
estimated the water vertical velocity w from the glider

FIG. 2c. (top) Potential temperature (8C) and (bottom) potential density (kg m23) measured
by the glider along the Bari–Dubrovnik section 3 as a function of depth and distance. The x axis
label is the same as in (a). The magenta dotted line in the bottom panel shows the MLD ob-
served from the glider data.
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measurements. From 29 January until ∼10 February the ve-
locity w ranged between 61.5 cm s21 while an increase of the
w in the upper 500 m is registered starting from around 10
February until the end of the campaign (Fig. 3). In particular,
between 14 and 16 February, when the sequence of downwel-
ling and upwelling occurs, peaks of ∼25.5 cm s21 were de-
tected in the upper 500 m.

d. Cones size characterization

During the Convex 2018 field campaign, five convective
cones along the Bari–Dubrovnik transect were captured
by in situ glider observations at different formation stages.
Here, we follow the procedure of Saunders (1973) to esti-
mate the diameter of cone B and cone C, which are the most
fully developed cones. According to Saunders’s theory, a
rotating denser water column (e.g., MLD, dashed line in his
Fig. 1) surrounded by a less dense fluid slumps to occupy a
roughly conical region when the Coriolis effect becomes
prominent. Following this mechanism, the surface sides of
the MLD slope inward by a distance equal to Lr while at the
bottom, for the conservation of the angular momentum, the

fluid spreads outward by the same quantity Lr, as one would
expect from the geostrophic adjustment theory (Killworth
1979).

1) CONE B

The observed MLD estimated from the glider dataset
identifies the denser water column used in Saunders’s the-
ory (and therefore cone B) in the upper ∼550 m. The hori-
zontal extension of this denser water column, which most
probably evolved into cone B, was reconstructed backward.
That is, at the surface, on both sides of cone B and from the
inward sloping isopycnal (ru = 1029.132 kg m23), a distance
of Lr ∼ 6 km is drawn and highlighted by two arrows pointing
inward (Fig. 2a, lower panel). The end of each arrow defines
thus the right and left boundary of the water column (magenta
dashed line), which in turn results to have a horizontal extension
that goes from 17.398 to 17.538E.

To conclude, according to Saunders (1973), at the surface the
isotherms and/or isopycnals slump inward by a distance equal
to Lr. At the bottom left (z ∼ 550 m), the 1029.132 kg m23

isopycnal slopes outward by the same distance Lr, while on

FIG. 2d. (top) Potential temperature (8C) and (bottom) potential density (kg m23) measured
by the glider along the Bari–Dubrovnik section 4 as a function of depth and distance. The x axis
label is the same as in (a). The blue dotted line in the bottom panel shows the MLD observed
from the glider data.
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the right side this mechanism is not observed. With regard to
this, we have to make three considerations. First, cone B is
not isolated and the interaction with lateral cones could af-
fect its dynamics; second, a further evolution of cone B could
be possible in the subsequent days; third, we are not completely
certain that the glider crossed exactly the center of the cone B
(see section 3e). Therefore, from the in situ observations, cone
B has a maximum diameter of ∼13 km and a center close to
17.488E.

2) CONE C

Based on the observed MLD, the denser water column for
cone C is defined approximately in the upper 650 m. As done
for cone B, the spatial extension of the corresponding water
column was reconstructed backward (Fig. 2b, lower panel).
At the surface, the arrows confirm that the isotherms and/or
isopycnals slump inward by the same quantity (Lr ∼ 6 km).
Near ∼650 m, the outward sloping is not present, probably for
the same considerations valid for cone B. The detected water
column highlighted by the magenta dashed line thus extends
between ∼17.618 and 17.718E. Therefore, from the in situ

observations the maximum diameter of cone C is ∼10 km
and its center close to 17.678E.

e. Cones center detection and cyclostrophic velocities

To better characterize the most two developed cones (cone B
and C), we followed the procedure adopted by Bosse et al.
(2015, 2016) to infer the cyclostrophic velocities and the cones
center. To estimate the velocity field within eddies characterized
by strong horizontal shear (.0.1f), it is important to consider
the nonlinear effect (e.g., the centrifugal force); otherwise, its
neglection would result in an overestimation of the velocities in
the cyclonic eddies and an underestimation in the anticyclonic
eddies (Elliott and Sanford 1986; Penven et al. 2014; Bosse et al.
2015). To this end, the cyclostrophic velocities yc can be com-
puted by solving the quadratic gradient wind equation in a cy-
lindrical coordinate system:

y2c
r
1 fyc � 1 fyg, (3.1)

where r is the distance to the cone center, f is the Coriolis
parameter, and yg is the geostrophic velocity (method

FIG. 2e. (top) Potential temperature (8C) and (bottom) potential density (kg m23) measured
by the glider along the Bari–Dubrovnik section 5 as a function of depth and distance. The x axis
label is the same as in (a).
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described in section 2a). To solve this equation, the remain-
ing unknown (the distance r to the cone center) is estimated
from the depth-average currents and described below. By
solving analytically for yc [Eq. (3.1)] and keeping only the
“normal” solution (which corresponds to the positive sign),
it yields

yc(r) �
rf
2
3 21 1

��������������
1 1 4

yg(r)
rf

√⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (3.2)

and therefore, the geostrophic Rossby number is defined
as Rog(r) = yg(r)/rf. Considering that for our case of study
Rog (r) is positive and varies between 0.2 and 0.28, and that
Eq. (3.2) can be approximated (using Taylor expansion) to
yc(r) � yg(r)[12Rog(r)1 2Rog(r)2 · · ·], as expected, the cyclo-
strophic velocities are smaller in magnitude than the geo-
strophic one. A correction factor of about 12% hence needs to
be taken into account.

To estimate the position in space of the center of cones B
and C with respect to the glider path, as done in Bosse et al.
(2015), we adopted a procedure that uses the depth-average
currents estimated by the glider minus a mean advection.
The latter, for this study, is defined by averaging the DAC
within a running window of ∼61 day and 625 km, which ac-
counts for the large-scale circulation features. To this end,
the following cost function g was minimized:

g(x, y) � 1
n

∑n
i�1

yi
ri(x, y)
‖ri(x, y)‖

[ ]2
, (3.3)

where yi is the dive average velocity estimated by the glider
(minus the mean advection) at a given position (xi, yi) in
the horizontal plane and ri (x, y) is the vector from (x, y) to

(xi, yi). This method was applied to both cones B and C
and, to keep the measurements as synoptic as possible, we
chose at most n = 5 centered around each cone. This corre-
sponds to a temporal window of about 10 h. The minimiza-
tion of the cost function g provides the position of the
cone’s center in the horizontal plane and ensures that the
direction of the cone center position (xi, yi) is the most per-
pendicular to the depth-average currents. Figure 4 shows
the cost function and the center position (magenta star) for
cones B and C. Since for both cases the glider did not cross
exactly the center, a factor « � �������������

11 d2/R2
√

with d the dis-
tance between the glider section and the estimated cone
center and R the apparent radius (defined as half radial dis-
tance between the two opposite peak velocities), was con-
sidered and applied to the apparent cone radius and
velocities such as R« = «R and Vmax

« � «Vmax, where |Vmax| is
the mean of the peak velocities. Note that « is near 1, and
specifically equal to 1.003 (1.04) for cone B (cone C), while
Vmax is 16 cm s21 (10 cm s21) for cone B (cone C). The
Rossby number defined as Ro = = 3 yh/f (with = 3 the curl op-
erator and yh the horizontal currents), is here approximated by
2|Vmax|/fR for the case of circular vortices in solid body rota-
tion. For cone B (cone C) Ro is 0.4 6 0.12 (0.36 6 0.11), and
these values confirm that nonlinear terms are relatively impor-
tant in the dynamical balance of both cones.

4. Modeled dynamics of the convective site

High-resolution glider measurements are of paramount
importance for the detection and the characterization of the
convective cones. However, to overcome their spatiotempo-
ral limitation, reanalysis products were used to identify and
study the dynamics of the area (hereafter called study area)
encompassing the cones described previously. To this end,
based on modeled temperature, a vertically and horizontally

FIG. 3. Vertical currents in the upper 500 m estimated from glider measurements using Merckelbach et al. (2010)
procedure. Black bars indicate the 10th–90th percentile range.
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homogeneous region of a nearly circular shape was detected
within ∼178–188E, 41.68–42.48N (dashed rectangle in Fig. 1).
In addition, this study area along with the whole SAP is sub-
ject to a negative heat flux (∼2200 W m22, not shown) and
therefore is identified as a potential area of convective
activity.

Figures 5a and 5b show the evolution of the hourly MLD
and of the potential density (both averaged over the study
area) at different depths from 30 to 700 m. Starting from about
11 January, the model indicates a deepening of the MLD, in
accordance with the gradual increase of potential density,
from 30 m down to 600 m. This behavior indicates that the
mixing phase is in place and its beginning (∼11 January) coin-
cides with the increase of the negative buoyancy flux (Fig. 5c)
that reaches its maximum (21.1 3 1027 m2 s23) between
14 and 25 January. This period is not fully associated with in-
tense and continuous northerly bora winds; however, some wind
bursts (∼15 m s21) occurred therein on both 17 and 22 January
(Figs. 5d,e). As a consequence, on 17 January a sharp increase
of ru is evident in the upper 100 m (Fig. 5b) as well as the deep-
ening of the MLD during both wind events. On 24 January the
MLD reaches about 400 m, and in conjunction with a northerly
wind burst occurring on 28 January, the MLD further deepens
down to ∼550 m. The ru sharply increases within the 30–600 m
layers, and a maximum of ru = 1029.16 kg m23 is reached. From
∼29 January to approximately 5–6 February, the 30–600 m

layer has an averaged ru ∼ 1029.15 kg m3. Afterward, the ru
starts to decrease corresponding to the end of the mixing
event. From ∼10 February until 17 February, the increasing
(deepening) of the ru (MLD) suggests that a second mixing
event is in place.

The dynamics of the study area is investigated using maps of
modeled temperature at the surface and along the glider section
(Fig. 6). At the beginning of the mixing phase (∼10–11 January)
the surface warm (.15.58C) SA gyre is displayed in Fig. 6a and,
within it, two subregions of 14.558–14.608C are highlighted by
cyan isotherms approximately located north (.41.88N) and south
(,41.88N) of the yellow glider track (Fig. 6a). A signature of
colder surface water (,14.458C, red isotherm) is more pro-
nounced south of 41.68N. Along the vertical glider section,
the stratification is evident; however, a well-developed dom-
ing is shown at the western edge of the transect and in the
upper 80–400 m, while a less pronounced one is present be-
tween 17.78 and 17.98E (Fig. 6b). With the progression of the
mixing phase, the surface study area becomes colder and the
MLD along the glider section increases. By 23 January, a day
after the wind burst occurred, four mixed patches developed
along the glider transect and in the upper 200–300 m (Fig. 6d).
That is, two 300-m-deep homogeneous areas (14.368C) are dis-
played above the first doming (early detected at ∼17.38E) and
at ∼17.58E while a shallower (z ∼ 200 m) homogeneous
area (14.448C) forms above the second doming (previously

FIG. 4. (a),(c) Cost function used to detect the center of the cones (magenta star) along with depth-average currents
(minus the mean advection) deduced by the glider, and cyclostrophic velocities cross section, respectively, for
(b) cone B and (d) cone C. Black circles in (a) and (c) indicate the position of glider profiles.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 522060

Brought to you by ISTITUTO NAZIONALE DI OCEANOGRAFIA E DI GEOFISICA SPERIMENTALE | Unauthenticated | Downloaded 09/01/22 08:57 AM UTC



FIG. 5. (a) Hourly modeled MLD averaged for the study area, (b) modeled potential density at different depths averaged for the study
area, (c) modeled buoyancy flux B averaged for the study area, (d) wind direction, and (e) speed collected at the E2-M3A buoy.
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described) and also at 188E. At the surface, the study area
is visibly colder (u , 14.558C) and an even colder localized
patch (∼14.268C) is present at ∼42.18N (Fig. 6c). South of
41.88N, the red gyre which encloses the coldest water (white iso-
therms) and recalls the inner gyre, predicted by Mantziafou and
Lascaratos (2004), exhibits a mushroom-like feature along its
eastern flank (∼41.68N). This feature is typical of baroclinic insta-
bility (Blokhina and Afanasyev 2003), and it is better shaped at

the surface on 24 January (Fig. 6e). On the same day, the vertical
homogeneous water columns previously formed on 23 January
evolve in shape as a consequence of baroclinic instability
(Fig. 6f). Specifically, both sides of each MLD slope inward and a
total of four cones (cone A, cone B, cone D, cone E) start to de-
velop within the14.638C isotherm (Fig. 6f).

For a more comprehensive analysis of the study area,
modeled temperature along two parallel transects (black

FIG. 6. (left) Daily reanalysis seawater potential temperature maps. Colored lines indicate different isotherms. That
is, white (14.18–14.228C), green (14.248–14.268C), red (14.318–14.458C), cyan (14.558–14.698C), magenta (14.78–158C),
and blue (15.28–15.68C). Glider track (G) is in yellow. (right) Depth–longitude reanalysis potential temperature along
the glider track G. Yellow letters indicate the cones. Color bar units are in 8C, and colored blocks highlight different
isotherm intervals.
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lines in Fig. 1) were also considered. However, since they
exhibited the same temporal evolution of the modeled sec-
tion along the glider transect, they are not shown here. Nev-
ertheless, it is important to point out that cone I formed
approximately at 42.18N within the cold area (14.18–14.268C,
Fig. 6e).

On 29 January, 5 days later (Fig. 6g), a near circular homo-
geneous horizontal area highlighted by the green 14.248C
isotherm occupies the whole study area, and the signature
of the convective cones B, D, E, and I is displayed within it.
Cone A, identified at ∼17.38E on 24 January (Fig. 6f), prob-
ably corresponds to the small surface patch (14.268C)
highlighted at the same longitude on 29 January (Fig. 6g).
Cone A vertical signature (Fig. 6h) is defined by the 14.288C
isotherm while, cone B outcrops at the surface with the
14.168–14.208C isotherms, in the upper 500 m, and between
17.458 and 17.618E.

Cone D, simulated by the model, is defined by the 14.168C
isotherm at approximately 17.88E (Fig. 6h) and is embedded
within a warmer area (∼14.208C).

Last, cone E, located at the easternmost part of glider tran-
sect (∼188E), is simulated by the model on 29 January and is
defined by the 14.28C isotherm (Fig. 6h).

By 5 February, which approximately coincides with the end
of the mixing phase as indicated by the potential density de-
creasing (Fig. 5b), the surface shape of the convective site
(white and green isotherms in Fig. 6i) evolves in a way that re-
calls the evolution of a convective area constrained by a rim
current under baroclinic instability (Visbeck et al. 1996, their
Fig. 2) and 4–5 meanders with a wavelength L ∼ 25–30 km
surround the surface homogenous convective site. A warm
lateral intrusion in the upper 400 m and at the western side of
the glider transect (Fig. 6j) is evident on 5 February and be-
comes more pronounced the following days.

The reanalysis model data were used to reconstruct (before
and after the glider measurements) the dynamics of the study
area enclosing the cones. After a period of approximately
2 weeks from the beginning of the mixing phase (∼10–11 January)
the baroclinic instability affects the study area. That is, on
24 January a ∼300-m-deep convective site with u ∼ 14.248C and
ru ∼ 1029.122–1029.13 kg m23 (Figs. 6f and 5b) breaks down into
convective cones. These cones do not substantially migrate from
their initial position; however, during the entire mixing phase pe-
riod they become colder and are always constrained within the
convection region, which is approximately 100 km wide. Lateral
intrusion of stratified water is responsible for their collapse.

FIG. 6. (Continued)
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5. Discussion and considerations

The observations presented in section 3 complemented
with reanalysis products discussed in section 4 allow us to
make the following considerations that explain in detail the
mixing and spreading/restratification phase dynamics of the
convection process in the SAP during winter 2018. Specifi-
cally, the formation process, the characterization and the
breaking mechanism of cyclonic convective cones constitute
the main interest of the present work.

The homogeneous convective site identified as the study area
and characterized by u ∼ 14.248C and ru ∼ 1029.122–1029.13 kgm23

experiences a mixing event approximately from 11 January until
5–6 February (Figs. 5a,b) by reaching a maximum theoretical
mixing depth hfin ∼ 650 m [see Eq. (5.1) for details]. The deep-
ening of the MLD on ∼11 January (Fig. 5a) marks the begin-
ning of the convective process (although no trace of plumes is
detected due to the low horizontal resolution of the reanalysis
model, and the scarcity of in situ measurements), while the baro-
clinic adjustment process sets in almost simultaneously on a time
scale of t ∼ O(2p/f) ∼1 day [in compliance with the theoretical
prediction of Legg et al. (1998)]. As time elapses, the instability
grows and a mushroom and later on, a hook-like feature forms
along the cyclonic inner gyre on 23 January (Figs. 6c,e,f). After-
ward, when the baroclinic instability is fully developed, the avail-
able potential energy accumulated within the dense-water
convective site is released, and at its periphery the instabilities
emerge as meanders. To this end, on 29 January 4–5 meanders
highlighted by the green-white isotherms surround the dense
homogenous convective site (Fig. 6g). These meanders have a
wavelength L = 2pLr ∼ 25–30 km with Lr �Nhfin / f ∼ 6 km
(being hfin ∼ 650 m, N ∼ 1023 s21, and f = 1024 s21). Similar
values of Lr and L were found by Grilli and Pinardi (1998)
and by Mantziafou and Lascaratos (2004), respectively.

Following Eady (1949), we estimate the instability growth
rate (s21) of the baroclinic disturbance:

s ∼ f����
Ri

√ ∼
f
u
z
N

, (5.1)

where Ri is the Richardson number, and the vertical shear of
the zonal velocity and the frequency N were computed from
the potential temperature and salinity data collected by the
glider. Along the Bari–Dubrovnik section 1, s (not shown)
values reveal that the time for baroclinic instability to develop
is on the order of 2 weeks. Therefore, this result proves that
from the beginning of the mixing event and within a time
period on the order of 2 weeks, the convective site undergoes
the baroclinic instability process which, consequently, leads to
the formation of cyclonic cones in the study area. (Figs. 2a and
6e,f,g,h).

An additional proof that the convective process proceeds
through the development of cones of geostrophically adjusted
fluid is also supported by the fact that the historical data in the
SAP have never recorded a MLD greater than ∼800 m (Manca
and Bregant 1998; Manca et al. 2002; Nardelli and Salusti 2000,
among others) and therefore, the condition Zc , H (1200 m) is
met. Specifically, to reach a MLD greater than the SAP bottom

depth (h = 1200 m), the SAP should experience a continuous
constant buoyancy flux B0 = 1027 m2 s23 (Qnet ∼ 300 W m22,
which is the maximum value registered in January 2018) for a
time t ∼ 3 months [Eq. (1.2)]. Clearly, these conditions are not
met during winter 2018.

Five convective cones (cone A, cone B, cone C, cone D, cone
E) were thus detected by the glider along the Bari–Dubrovnik
transect from 29 January to 6 February 2018, and reanalysis data
suggest that they develop inside the ∼110-km-wide convective
region and within vertical homogeneous water columns a day
after these columns are fully developed (Figs. 6c–f). The time
of cones appearance is in agreement with Saunders’s (1973)
theory, which argues that after a time t ∼ O(2p/f) (∼1 day)
from the homogeneous water column formation, the fluid
starts to evolve into a conical shape. In agreement with theo-
retical analysis and laboratory experiments (Maxworthy and
Narimousa 1994), cone A (Fig. 2a) forms below the critical
depth h ∼ 100 m [Eq. (1.2) with t ∼ O(2p/f ) ∼ 1 day,
N2 ∼ 1026 s22, B0 ∼ 20.6 1027 m2 s23] where the fluid adjusts
toward the geostrophic balance and forms the cone features
by tilting inward its isotherms/isopycnals. The in situ patches
with u $ 14.248C and ru of 1029.12 kg m23 located at both
sides of cone A (Fig. 2a) are a reminiscence of the MLD that
early developed, and later was broken down into the cone
A. Two other patches with the same characteristic were de-
tected by the glider at distances of 60 and 100 km. Reanalysis
potential temperature confirms that cones develop within the
14.248C isotherm (17.48–18.18E, Fig. 6h).

Although both modeled and in situ cone B outcrop at the
surface with the same isotherms (14.148–14.168C), the modeled
one is slightly shifted to the east (Figs. 6h and 2a). In addition,
high-resolution glider data are able to resolve the colder core
(#14.068C) of cone B while model outputs cannot. The DAC
along the section confirm the presence of the cyclonic cone B.
As for cone A, also cone B forms in the layer below the critical
depth where Coriolis effect is prominent.

According to the above literature, when the conditions for
cones formation are met, a homogeneous water column could
break down into one or more cones. Here, the homogeneous
area (∼14.208C/1029.128 kg m23) identified on 1 February be-
tween 70 and 95 km and in the upper ∼400 m (Fig. 2a) could fol-
low this mechanism, and the lifting of the in situ 14.168C isotherm
(z ∼ 350 m, Fig. 2b) is therefore the prelude to cone D and cone
E formation. A cyclonic activity highlighted by the DAC east of
17.88E along both sections 1 and 2 confirms this hypothesis.

Cone D simulated by reanalysis data is defined on 29 January
by the 14.168C isotherm at approximately 17.88E (Fig. 6h), and
it is embedded within a warmer area (∼14.208C). However, we
observe that modeled data anticipate its formation since, from in
situ glider data (Fig. 2a, central panel), the large homogeneous
area of 14.208C is still present at the same longitude (17.88E) on
1 February, and no signature of cone D is yet sampled.

Last, cone E, located at the easternmost portion of the glider
transect (∼188E), is simulated by temperature reanalysis data on
29 January and is defined by the 14.28C isotherm (Fig. 6h), while
in situ potential temperature shows that the 14.148–14.168C iso-
therms are still rising on 1 February and cone E will form on
2 February (Figs. 2a,b).
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Although a comparison between reanalysis and in situ data
was possible for cones A, B, D, and E, no information is given
on cone C, which was only captured by in situ glider data.
Probably, the shifting to the east of cone B in modeled output
is the reason for cone C’s absence. In light of the discrepancies
highlighted from the comparison between in situ and reanaly-
sis data, a future assimilation of glider data in ocean reanalysis
data could likely overcome this problem.

As it is known, glider observations are a mix of spatial and
temporal variations; however, we treat these observations as
purely spatially varying. We are aware that, except at the edges
of the Bari–Dubrovnik transect, information on convective
cones is provided every 4–5 days. However, based on potential
temperature reanalysis data (Fig. 6), we can conclude that the
sequence of the in situ cones observed along the first track is
likely the same as that observed along the second track.

It is important to highlight that although at the beginning (∼24
January) cones form within localized homogeneous water columns
of ∼300-m depth (Figs. 6c–f), at later time they extend deeper
with an inner core denser and colder, therefore influencing the
water characteristic during and after the restratification phase.

Experimental studies point out that Dcone ≈ (5:261) ����
R*

o

√
H

(Maxworthy and Narimousa 1994) and for our case,
Dcone = 1.7–2.5 km (with H � hf in � 650 m, R*

o � 0:4,
B0 � 63 1028 m2 s23, f � 1024 s21). However, considering
that the radius of the convective region (r ∼ 35 km) .. hfin, the
interior region is described by the model of Phillips (1966), and a
factor of (r/h)1/3 should multiply the original estimate of Maxwor-
thy and Narimousa (1994). In this latter case, Dcone = 6.5–10 km.
The in situ dimension of cone B (13 km) is slightly larger than the
predicted one while cone C (10 km) matches the theoretical value
(Figs. 2a,b, lower panel). The minimization of the cost function
g suggests that cone B and cone C have a diameter of 15 and
11 km, respectively (Fig. 4) and these values are in agreement
with the ones provided by the Saunders theory (13 and 10 km,
respectively) while the position in space of both centers is 17.58E
for cone B and 17.608E for cone C.

By 5 February (Fig. 6i), which approximately coincides with
the end of the mixing phase (Figs. 2b and 5), the nearly circular
shape of the convective site (green isotherms in Fig. 6g) evolves
and the meander at its border become more defined. This modi-
fied shape recalls the evolution of a convective area constrained
by a rim current under the baroclinic instability (Visbeck et al.
1996, their Fig. 2) and, as suggested by the simulation of Visbeck
et al. (1996) (among others), baroclinic eddies associated with
the growing meanders of the rim current (e.g., Fig. 6i) could ex-
plain the spreading/restratification phase. These eddies sweep
stratified water into the convective area at the surface arresting
the convective process. They demonstrated that the maximum
depth hfin at which the mixing is arrested due to the action of
these lateral eddies, and the time tfin to reach that depth are

hfin � d
(rB0)1/3

N
; tfin � b

r2

B0

( )1/3
, (5.2)

where g = 3.96 0.9 and b = 126 3 are dimensionless constants.
For our case (r = 35 km, N = 1023 s21, B0 = 6.3 1028 m2 s23)

hfin ∼ 650 m and tfin = 28 (46) days for b = 9 (15). Considering
that the in situ mixing process lasts approximately 25 days, it is
more appropriate to use tfin = 28 days (and not 46). Numerical
calculations carried out by A. Lascaratos in 1994 (personal com-
munication with M. Visbeck) shown that an ∼80-km diameter
convective region takes ∼3 weeks for the eddies to be “felt” at
the center of the cooling region while, for a region of ∼16 km in
diameter, time is remarkably smaller. For our study, the convec-
tive site has a diameter of ∼70 km and tfin = 28 days, which is in
agreement with Lascaratos’s numerical outputs.

If no eddy action is present, the time required for convec-
tion to break through the stratification (tbreak) is calculated
from Eq. (1.2) and equal to ∼40 days but, since tfin , tbreak,
baroclinic eddies seem to play a role in arresting the deepening
area. In support of this, a lateral intrusion of warmer water is
captured at the western side of the glider transect by in situ
measurements (Fig. 2b), and is also simulated by the reanalysis
model (Fig. 6j). Specifically, for the in situ cone B, while the
inner 14.048–14.068C isotherms fall down to greater depths
(Fig. 2b), the upper layer (z , 300 m) by intruding toward the
east pushes the upper left side of the cone B, which bends and
folds on itself. Residual traces of cone A are present with the
white 14.048–14.068C isotherms reaching the depth of z ∼ 650 m.
Therefore, glider potential temperature records resolve the
breaking mechanism of cone B and confirm that lateral advec-
tion is responsible for breaking the cones and for arresting the
deepening area by mixing the upper waters. Unfortunately,
reanalysis data are not able to reproduce the breaking mecha-
nism of cone A and cone B. With the restratification phase
(Fig. 2c), the water in the upper ∼500 m results in colder and
denser than the water characteristics of the initial MLD identified
with the four patches detected in Fig. 2a (ru = 1029.12 kg m23,
u = 14.248C).

The horizontal length scale of the surface baroclinic eddies at the
end of the convective process is assumed to be set by the Rossby
radius and scales as Lr,fin �Nhfin/f � d[(rB0)1/3/f ] ∼ 6 km
(Visbeck et al. 1996), which is in agreement with what is shown
by the reanalysis potential temperature map (Fig. 6i).

After the convective site breaks up and the restratification
phase ends (∼10 February), atmospheric conditions support the
formation of a second mixing event highlighted by the increasing
of the vertical velocity w and the modeled buoyancy flux (Figs. 3
and 5c). This time, although only for ∼27 h, we collected data
during the convective process, where the characterization of
small convective cells (horizontal and vertical size) that devel-
oped along section 5 was possible from the analysis of the glider
potential density and temperature (Fig. 2e). According to Legg
and Marshall’s (1993) results, these colder (warmer) and denser
(less dense) cells recorded in the upper 500 m had a horizontal
scale on the order of the local Rossby radius of deformation
Lr (∼6 km). Based on these characteristics and on the appear-
ance time, the observed convective cells could probably be asso-
ciated with the plumes. This finding is in contrast with previous
literature review where the plume size is known to be #1 km.
However, examples reported in literature refer to the Gulf of
Lion (GoL), Weddell Sea, Greenland Sea, and Labrador Sea,
where the Lr =O(1) km and so far, there are no in situ measure-
ments of plume size in the SAP. In regard to this, the authors are
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aware that the above hypothesis still needs to be more thoroughly
investigated and supported with more information. The work of
Margirier et al. (2017) could be a good example to follow.

6. Conclusions

For the first time, glider measurements used to monitor the
deep convection phenomena in the SAP revealed a multiscale
spatiotemporal variability of the mixing and restratification
phases during winter 2018. Within a ∼110-km-wide convective
region, localized homogeneous water columns form and extend
from the near-surface layer down to the intermediate waters.
Before the mixing phase ends and when the initial MLD is es-
tablished, the latter breaks down into cyclonic convective cones
due to baroclinic adjustment process. Specifically, this cone for-
mation mechanism occurs when convection does not reach the
ocean bottom. Fully developed cones have a maximum radius
on the order of Lr ∼ 6 km, a vertical extension of ∼600 m, and
a lifetime of weeks.

The horizontal density gradient between the convective area
and the outside stratified waters supports the formation of sur-
face eddies along the perimeter of the convective site through
the baroclinic instability process. These eddies are responsible
for arresting the mixing phase and for the initiation of the restra-
tification/spreading process. This mechanism evidences how the
atmospheric conditions are not always responsible for restratifica-
tion/spreading phase occurrence.

The observed dense water formation process (associated to
the cyclonic cones formation) which is supported by theoretical
arguments and laboratory experiments, to the best of our
knowledge, is shown to be different from the one occurring in
the GoL and in other ocean sites (e.g., Greenland and Labrador
Seas). In these regions, in the case of a no-bottom reaching
event, the formation of cyclonic cones is not supported while,
when the convective region is fully homogenized down to the
ocean bottom, the formation of cyclonic and/or anticyclonic
eddies at the periphery of the convective site (usually in a postcon-
vection process) occurs. These long-lived eddies could influence
the mixing mechanism occurring during the next winter season.

In light of these findings, more strategic field campaigns will
be conducted in the SAP. Specifically, we plan to extend the
in situ measurements also to the southern part of the SAP
and for a longer period in order to fully investigate the mixing
and the spreading/restratification phase along with the detec-
tion and characterization of the convective cones.
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