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Abstract. In this paper we document dense water forma-1 Introduction

tion throughout the Adriatic shelf and coastal area in Jan-

uary/February 2012, resulting in record-breaking densities

observed during and after the event. The unprecedente@side from the open-ocean convection type of dense water
dense water generation was preconditioned by a dry andprmation, which has long been recognized to be substantial
warm year which resulted in a significant reduction of coastalin driving thermohaline circulation in the global ocean and
freshwaters, Superimposed on a |0ng_term basin-wide Sa”ndeep basins, the role of dense water formation over a shelf
ity increase. The final event that triggered the dense waln changes of deep basins has not been perceived as impor-
ter formation was an extended period of cold weather withtant until recently (lvanov et al., 2004; Allen and Durrieu
strong and severe winds. Record-breaking potential dende Madron, 2009; Pattiaratchi et al., 2011). This applies par-
sity anomalies (above 30kgTR) were measured at sev- ticularly to mid-latitude large and deep basins, such as the
eral formation sites. Accumulated surface net heat and waMediterranean Sea, where deep thermohaline circulation is
ter losses in some coastal regions exceeded 1.5@kmd driven by extensive wintertime heat losses and wind mix-
250kg 2 over 21 days, respectively. Excessiveness, im-ing at several dense water formation sites (Robinson et al.,
portance of shelf-type dense water formation and effects 0r2003). Bottom density shelf outflowing currents and dense

the thermohaline circulation and deep aquatic systems ar®ater cascading are replenishing deep waters, resulting in ad-
discussed. vection of different water masses and in the change of ther-

mohaline properties in a basin, especially in semi-enclosed
seas like the Adriatic Sea (Vilibiet al., 2013).

Although extensively investigated at the Mediterranean
sub-basin and process scales (Vdiband Supi, 2005;
Canals et al., 2009; Pasqual et al., 2010), the contribution
of the shelf-generated dense water has generally been un-
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Fig. 1. Adriatic Sea bathymetry, with selected stations at which CTD samplings were carried out between February and April 2012 (main
panel: the whole Adriatic; smaller inset: zoom of the eastern Adriatic coastal area). Maximum values of potential density anomalies (in
kg m—3) observed at these locations are indicated adjacent to station names. Continuous measurements of meteorological and oceanograph
parameters were available at Acqua Alta platform (AA). The red thick line in smaller inset indicates CTD transect used in Fig. 3. The main
path of the North Adriatic Dense Water (NAdADW) appears within blue dashed lines in the main panel (adopted franed/alhi2004).
Presumed pathways of dense water generated along the eastern Adriatic coast are denoted by blue arrows in smaller inset.

derrated in the Mediterranean-scale studies, especially withimleep-convection site is located in the 1200 m-deep circular
long-term and climate studies (Somot et al., 2006). To be preSouth Adriatic Pit characterized by cyclonic circulation and
cise, numerical modelling climate studies are still not capablecentral doming of isopycnals, where vertical mixing during
of reproducing shelf dynamics, which is normally occurring strong dense water formation may reach 800 mt{Gat al.,
at high-resolution spatial and temporal scales and demand2002). The shelf dense water formation site is located in the
mesoscale atmospheric models for forcing (Beg Paklar et al.northernmost part of the wide Adriatic shelf, having depths
2001; Beranger et al., 2010). less than 50 m, where strong bora cools the entire water col-
The Adriatic Sea (Fig. 1) is a scholar example of both umn (Pullen et al., 2007; Jeffries and Lee, 2007). Gener-
open-convection and shelf types of dense water formatiorated dense waters (North Adriatic Dense Water (NAdDW);
processes, being a result of frequent similar synoptic cone.g. Zore-Armanda, 1963; Bergamasco et al., 1999; ¥ilibi
ditions and wind patterns, mostly related to the blowing of and Supg, 2005) flow as a dense current along the west-
cold and severe bora (ENE or NE) wind (Grisogono andern Adriatic shelf, replacing old waters in the middle and
Belusic, 2009). Due to the closeness of shelf and open-oceasouth Adriatic depressions (Jabuka Pit and South Adriatic
dense water formation sites, the formation frequently takePit, respectively; Fig. 1; see Vilibiet al., 2004; Vilib€é and
place simultaneously at both places, but not always, as thihanovic, 2013). NAdDW partly transforms into Adriatic
surface heat losses and preconditioning may differ over thddense Water (AdDW) during deep-convection processes in
distance of several hundred kilometres (Josey, 2003). Théhe south Adriatic, and both AdDW and modified NAdDW
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subsequently flow out of the Adriatic through the Strait of tioning and raising a discussion on meteorological conditions
Otranto, sinking to the lonian deep layers and affecting theand implications that are connected with the extreme cooling
whole deep Eastern Mediterranean (Robinson et al., 2003)vent.
The Otranto Strait outflowing fraction of the NAADW is es-
timated to be about 10 % of the AADW during average years
(V”ibi ¢ and Orlg, 2002). 2 Data and methods

The dense water outflow from the Adriatic is compen-
sated by the advection of saltier Levantine Intermediate Wa2.1 Field campaigns and data processing
ter (LIW) from the lonian Sea, which affects circulation and
dense water formation in the middle and north Adriatic. It A number of oceanographic field campaigns (8 in total) were
is suggested that the interaction between the lonian and thearried out in the coastal and open Adriatic waters between
Adriatic is changing on a decadal scale by means of the Bi+ebruary and April 2012, some of them being a part of regu-
modal Oscillating System (BiOS) mechanism §igaet al.,  lar monitoring activities and some of them organized ad hoc
2010), an internally driven process related to decadal vari-after the prolonged bora episode in January/February 2012
ation of the upper-layer circulation in the lonian, from cy- (Fig. 1). CTD measurements in the Gulf of Trieste, which
clonic to anticyclonic and vice versa. The mechanism influ-are normally carried out on a monthly basis, were conducted
ences the intrusion of LIW in the Adriatic (stronger intru- immediately after cessation of the strong wind, between 14
sions during the cyclonic phase) and affects the dense waand 16 February 2012, at 44 stations. CTD measurements
ter properties in the South Adriatic Pit and biogeochemicalin Pag Channel were organized ad hoc on 29 March 2012
properties of the whole system (Civitarese et al., 2010). Conand encompassed 3 stations (including the PC station). CTD
versely, the changing properties of outflowing AdDW even- measurements in Telgica Bay (TL) were conducted on
tually modify the upper-layer circulation in the lonian and 29 February 2012, encompassing 6 stations within the bay,
the pathways of water masses, thus impacting the entire Lewvhile measurements in the Drage (DR) region at 16 stations
antine basin (G&c¢ et al., 2011). and at the BL station were organized on 28 February 2012, as

Multi-decadal monitoring efforts along the dense water a part of a sewage system ecological study. CTD stations MS
formation area and several campaigns that captured vergnd ZD were surveyed from 27 to 29 March 2012, being a
dense bottom currents have documented maximum potentiglart of a Croatian coastal waters monitoring programme (15
density anomaly (¢) in the open northern Adriatic not ex- stations altogether). Finally, regular CTD samplings between
ceeding 30kgm? (e.g. between 1967 and 2000, as given Split and Gargano at a number of CTD stations were carried
by Supt and Vilibic, 2006). However, it seems that higher out on 21-23 February, 14-16 March and 25-27 April 2012
densities may be reached quite close to the coast, duringncluding stations ST, HV, P1, P2 and JP), being a part of
severe winters occurring over centurial timescales. Namelya 60 yr climate monitoring programme (Vilibet al., 2013).
Vatova (1934) documented the temperature of 3®@=and  All CTD probes used in the field survey (Seabird SBE 19
salinity equaling 38.15 at 22 m depth off Koper (Gulf of Tri- and SBE 25, Idronaut 316, Sea&Sun MSS90) have been reg-
este, Fig. 1), during the severe winter of 1929, resulting in po-ularly calibrated, with an accuracy of at leaisd.01°C for
tential density anomaly of 30.30 kgTh. Harsh winter condi-  temperature ang0.005 for practical salinity.
tions caused mass mortality of benthic organisms at the time. Also, vertical thermohaline profiles were measured every
Still, this almost 100 yr-old measurement is the only histori- 5 days by an ARGO float stacked in the Jabuka Pit for more
cal record with such a high density in the north Adriatic. The than a year (code 1900848, availabléntip://www.coriolis.
record was broken during a long and severe bora episode iru.org). The bottom density current associated with the dense
the winter of 2012, which is documented in this study. water formation measured in the winter of 2012 by the float

This paper presents the first detailed documentation of thevas analysed in detail by Vilibiand Mihanowt (2013); in
dense water formation that occurred in the north and middlethis paper we present the highest measured density and asso-
Adriatic during the winter of 2012. The episode was precon-ciated temperature and salinity values observed by the float
ditioned by a very dry year, and the shelf and coastal dens¢AR in Fig. 1 and Table 1). In general, Fig. 1 contains the
water formation occurred not only in the classical sites butlocations of the most interesting vertical profiles and thermo-
also in a number of eastern Adriatic coastal channels andhaline observations, and the highest potential density anoma-
bays, where dense water formation has not been documentdigs observed in 2012. Corresponding dates, depths, potential
to this day due to large freshwater load. The study is basedemperatures and practical salinities are given in Table 1.
on meteorological and oceanographic measurements avail- Continuous sampling of temperature and practical salin-
able before and after the event in both coastal and open Adriity has been conducted off Venice, at the Acqua Alta plat-
atic waters (particularly conductivity, temperature and depthform, located in a 16 m-deep area (AA in Fig. 1). Hydro-
(CTD) campaigns). It also quantifies atmospheric forcinglab DS5X multiparameter sensors were located at the sur-
and ocean dynamics reproduced by operational atmospheri@ace and near the bottom (at 2m and 13 m), with a sampling
and ocean models, including an assessment of the precondiate of 30 min and an accuracy &0.1°C for temperature
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Table 1. Sampling dates, depths, potential temperaturg¢sa(@l practical salinities corresponding to the potential density anomaly data
presented in Fig. 1.

Station Date in 2012  Depth (m) 6 (°C) S
TS (Gulf of Trieste) 15 Feb 18.0 4.237 38.556
AA (Acqua Alta) 11 Feb 13.0 6.351 38.600
PC (Pag Channel) 29 Mar 101.1 9.363 38.772
TL (Telastica) 29 Feb 343 9.154 38.683
AR (Argo 1900848) 04 Apr 96.0 9.540 38.638
DR (Drage) 28 Feb 29.0 10.282 38.717
JP (Jabuka Pit) 27 Apr 266.0 10.004 38.633
P2 (Palagria Sill) 16 Mar 130.0 10.579 38.638
P1 (Palagria Sill) 26 Apr 171.0 10.933 38.695
ZD (Zadar) 27 Mar 30.0 11.527 38.825
MS (Maslenica) 29 Mar 245 6.948 37.790
ST (Split Channel) 21 Feb 475 10.937 38.559
BL (Blitvenica) 28 Feb 196.5 11.995 38.642
HV (Hvar) 21 Feb 725 12231 38.642

and +£0.2 for salinity. The data were quality checked and atic Sea, but it is not fully adapted for the eastern Adriatic
calibrated by vertical profiles obtained every 30 days with complex orography and bathymetry.
an IDRONAUT Ocean Seven 316 CTD probe (accuracy of NWP ALADIN/HR model is operationally used by the
+0.003°C for temperature ane:0.003 for salinity). Wind  Meteorological and Hydrological Service of Croatia. The op-
speed and direction, air pressure, temperature and humiditgrational model forecast is run once a day in 2 km horizontal
data were sampled every 30 min, 15m above sea level. Laresolution on 37 levels in the vertical using non-hydrostatic
tent and sensible fluxes at AA platform were computed usingdynamics and a full set of physics parameterizations (Tu-
the COARE 4.0 algorithm, following the methodology given dor and Ivateksahdan, 2010). It is initialized daily from
by Edson (2009). Also, continuous sea temperature measuréhe 6 h ALADIN forecast run in 8 km resolution using the
ments were performed in the central part of the Gulf of Tri- scale-selective digital filter initialization (Termonia, 2008).
este (Paloma pillar, located 10 km to the west of station TS),Sea surface temperature (SST) in the model is provided by
at depths of 3, 15 and 24 m (sea floor depth is 25 m) withthe global atmospheric model ARPEGE and does not change
SIAP-MICROS Pt100 sensors (accurat.1°C). during the 24 h model run. Turbulent fluxes are computed as
Potential temperatures and potential density anomaliesurbulent exchange between the lowest model level (around
(reference pressure equalling zero) were computed from tem17 m above the sea surface) and the sea surface. The turbulent
perature and practical salinity data, following TEOS-10 algo-exchange coefficients are computed using prognostic turbu-
rithms and using scripts available at http://www.teos-10.org.lent kinetic energy values. Fluxes of water substance, mo-
mentum and heat due to turbulence, radiation, evaporation,
precipitation and other physical processes are computed and
stored in the output files and archived operationally with a
1hinterval. The fields used in this study are retrieved from

T tional ical del dt i the operational archive, and time series of the fluxes are com-
WO operational numerical models were used 1o quan ify uted for the areas of interest together with accumulated bud-
the processes at the air—sea interface. The first is the nLE :

merical weather prediction (NWP) ALADIN/HR model, and ets through the whole period.

the second is the COSMO/ROMS (Consortium famall- COSMO/ROMS has been defined as a one-way coupled

scaleModelling / Regional Ocean Modeling System) one- system because atmospheric fields provided by the NWP

led ¢ The first model has b taken i tCOSMO are combined with SST produced by ROMS to de-
way coupled system. The 1irst model nas been 1aken IntQy . i seq fluxes which are then used by the ROMS, but not
analysis as it has fine-scale orography and parameterizatio

adapted for the complex eastern Adriatic karstic area an the COSMO. The utilized COSMO-I7 is an Italian oper-
P plex easte atl ' tional implementation of the COSMO model (http://www.
steep orography. Therefore, it is expected to have better re-

roduction of atmospheric or i thi t of the Adri cosmo-model.org; Italian partners are USAM of the Italian
proguction of almoSphEriC Processes s partotine . Air Force, the Environmental Protection Agency of Piemonte

atic, including heat and water fluxes. The second model IS2eqi - :
' egion, Italy, and the Emilia Romagna Regional Agency for
composed of another NWP model (COSMO) and ahydrOdy'Protection and Environment, ARPA-ER, ltaly), a limited-

namic oceanographic model (ROMS); COSMO/ROMS hasarea non-hydrostatic atmospheric prediction model derived
been developed for processes in the open and western Adri-

2.2 Operational numerical models
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from the Lokal Model (Steppeler et al., 2003). COSMO-I7 3 Results and discussion
covers a wide domain (roughly 33-58 and 0—-24 E) cen-
tred over Italy with 7 km horizontal resolution; it has been 3.1 Observations in the winter of 2012
operational since 2001 at the Hydro-Meteo-Clima Service
(SIMC) of the ARPA-ER in Bologna, providing 72 h fore- Maximum potential density anomaly records and tabulated
casts twice a day (at 00:00 and 12:00UTC), archived atrespective potential temperatures, salinities and dates of mea-
hourly intervals. COSMO-I7 boundary conditions are pro- surements taken in the north and middle Adriatic between
vided by the ECMWF IFS system (http://www.ecmwf.int/ February and April 2012 (after the extreme cold event and
research/ifsdocs), and initial fields for each run are obtainedsevere bora outbreak) are shown in Fig. 1 and Table 1. The
with a “nudging” data assimilation technique. The Regional bora episode lasted for about 3 weeks in the coastal eastern
Ocean Modeling System (ROMS,http://www.myroms.org) Adriatic region, between 25 January and 14 February 2012.
is a primitive equation, with finite differences, hydrostatic, Wind was strong to severe from ENE to NE, blowing occa-
free surface model, and tides included. The utilized Adri- sionally with hurricane force. The maximum potential den-
atic ROMS application is operational both at DISVA and sity anomalies were measured throughout the Gulf of Tri-
SIMC (a description of the system can be found in Chig- este, with absolute maximum at the TS station sampled on
giato and Oddo, 2008, and Russo et al., 2009; it has beef5 February (30.59 kgn¥ at 18 m depth). During the field
updated in 2011), and it has a constant resolution of 2 kmstudy carried out in the gulf between 14 and 16 Febru-
across the entire domain and 20 stretched vertical sigma levary 2012, potential density anomaly surpassed 30.501&@ m
els. Forty-nine rivers and karstic springs (the latter locatedat 25 CTD stations out of 44. The absolute temperature min-
in the eastern coastal area) were also included as sources whum below 20 m was observed at 24 m depth on the Paloma
mass and momentum, using real-time daily discharges fopillar, in the central part of the gulf (3°C), during the morn-
the Po River and monthly climatological values for other ings of 13 and 15 February 2012. This temperature record
freshwater sources. Radiation condition is imposed at thas quite similar to the bottom temperature observed by Va-
Strait of Otranto with a nudging of mean daily forecast of tova (1934) in the winter of 1929 (3.9% at 22 m).
temperature, salinity, and baroclinic currents from the gen- Slightly lower potential density anomalies were mea-
eral circulation model of the Mediterranean Ocean Fore-sured at the AA oceanographic platform on 11 February
casting System (Oddo et al., 2009), provided by MyOcean(30.35 kg nT3). The platform is located at the margin of
(www.myocean.eu). Fluxes through the air—sea interface aréhe bora-driven northern Adriatic gyre, in which a peak of
calculated using the COARE 3.0 bulk flux algorithms (Fairall dense water formation is normally located (Boldrin et al.,
et al., 2003), with SST from ROMS and short-wave radi- 2009). Such densities are much higher than those previously
ation, wind, air temperature, humidity, cloud cover and at-recorded in the area over an extended period of time (e.g.
mospheric pressure from the COSMO-17 atmospheric modell967-2000; Supi and Vilibic, 2006), driven both by ex-
forecasts. tremely high salinities (538.5) and very low temperatures
We should emphasize that the dynamics of inner Croatian(< 6.5°C). Another potential density anomaly maximum
channels and embayments may not be properly reproducedas measured at the 100 m-deep Pag Channel station (PC),
by the presented COSMO/ROMS model as (i) the model reslocated deep inside Croatian inner waters (30.02 k§m
olution is not sufficient to resolve the bathymetry featuresExceptionally high salinities (around 38.77) were recorded
(e.g. Velebit Channel, where heat/water losses were the highat the station, and these salinities are even higher than the
est, is about 100 km long and just 2—7 km wide, while thereaverage value documented for the south Adriatic (Arte-
are dozens of inlets and channel connections, such as Tlgiani et al., 1997a). Finally, extremely high salinities, low
which are just from a few hundreds metres to 2km wide), temperatures and associated high density anomalies were
and (ii) freshwater fluxes are not introduced properly to therecorded along the entire eastern Adriatic coastal area north-
model, due to insufficient knowledge on numerous karsticwest from Split, all above 29.55kgmi. Such values have
submarine spring discharges in the area. Also, east Adriatimever been documented before in this part of the Adriatic
rivers do not have easily available discharge measurementg¢e.g. Zore-Armanda et al., 1991).
and research and operational ocean systems normally use cli- Vertical profiles at selected stations (Fig. 2) show a vari-
matological values (e.g. Oddo and Guarnieri, 2011). How-ety of processes that occurred during the winter of 2012. The
ever, this was far from the real situation in 2012 due to thedifference between September 2011 and February 2012 ver-
prolonged dry period (see Sect. 3), and the operational moddical profiles at the Jabuka Pit station (JP) exhibits vertical
was probably introducing too large of a freshwater load inhomogenization and deep convection that occurred at least
this area. down to 150 m during the bora event (Fig. 2a). Further on, be-
tween February and April 2012 cruises, the temperature be-
low 180 m decreased by more than 203 while salinity had
a slight decrease (0.06—-0.08), resulting in additional density
anomaly increase by up to 0.45 kg The changes visible
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near the bottomin February and below 80 min Ap'ril 2012 areFig. 3. Distribution of (a) potential temperature (PT, ifiC),
footprints of dense water arrival from the “classical” north )y nractical salinity andc) potential density anomaly (PDA, in
Adriatic dense water formation site and/or from the easterncg m—3) measured in the Gulf of Trieste between 14 and 16 Febru-
Adriatic inner waters. ary 2012. The mouth of the Isonzo River is at the northwestern part
The maximum recorded potential density anomalies inof the transect. See the smaller inset in Fig. 1 for transect position.
the inner Croatian waters (Fig. 2b) largely exceeded those
observed just after the event in the open middle Adriatic
(Jabuka Pit, Palagka Sill), which ranged around 29.2— jority of the embayment was homogenized, except for the
29.3 kg nT3 (not shown). This implies the existence of a den- deepest parts, where very cold and slightly less saline wa-
sity current flowing through deep connecting channels of theters were observed, with potential density anomaly equalling
eastern Adriatic, most of them transporting dense water t®9.98 kg nT3. As the TL station is located in a depression
the Jabuka Pit (arrows in smaller inset in Fig. 1, showingwithin the embayment, which is separated from the outer
the eastern Adriatic area and presumed pathways of dengegarts of the bay by an 8 m-high ridge, the captured bottom
water). Indeed, a strong drop in temperature and a slight dedense waters represent a footprint of dense water formation
crease in salinity were observed at the bottom of the BL stathat occurred a few weeks before. These waters then rapidly
tion on 28 February 2012 (Fig. 2b; one should note that thdeft the embayment as a density current over a slope, towards
BL station is about 200 m deep, while the depression 10 kmthe northern parts of the deep Jabuka Pit, and presumably
to the west of BL is 237 m deep, but no measurements wereeached its northernmost depression, to the west of the BL
taken there). As there was almost no possibility for dense wastation (vertical profile similar to TL was observed at the DR
ter to reach the BL station from the north Adriatic 15 days af- station).
ter the dense water formation (Vilband Supt, 2005), the The highest potential density anomalies were recorded in
most likely explanation is that these waters came from thethe Gulf of Trieste (Fig. 3). The potential density anomaly
inner Croatian sea. To confirm this, however, further quanti-exceeded 30.0 kg Ti# throughout the gulf, except at the very
tative analysis and estimation of the dense water formatiormouth of the Isonzo River. Maximum densities were mea-
rates along the eastern Adriatic coast should follow throughsured along the bottom slope of the northwestern part and
process-oriented numerical modelling exercises with high-in the deepest central part of the gulf (above 30.5kdm
resolution bathymetry and real freshwater discharges. being a result of extremely low temperatures4.#°C) and
Particularly interesting is the density anomaly measuredhigh salinities (38.4-38.5).
at the TL station, located in the middle of a 10km-long is- Time series of potential temperature, salinity and poten-
land embayment connected to the open Adriatic @#a  tial density anomaly observed at the AA station (Fig. 4) doc-
Bay, Dugi Otok Island). Two weeks after the event the ma-ument the severity of the event and also the evolution of
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characteristics. During the episode the entire water column
mixed, water cooled down by about@ (to 5.8-6.5C),

while salinity surpassed 38.5 (since less saline surface wa-~ -

ters were restricted to the very edge of the coast during the £

bora), resulting in density anomalies higher than 30 k§m = -

That was a result of strong cooling at the surface, as turbulent 3
heat flux series computed for AA (Fig. 4d) denote the cooling
with two pronounced maxima: the first stronger one occurred £
on 3 February with maximum heat losses up to 800 Wm
while the second maximum was observed on 11 February,
with heat losses reaching 700 W However, the AA sta-

tion is not positioned in the area with the strongest cooling;
heat fluxes at AA are found to be 3—4 times lower than in the
bora maximum jets stretching from several locations at the
eastern shore (Pullen et al., 2007).

3.2 Model estimates

Turbulent heat fluxes from both models followed those com-
puted via bulk formulae using meteorological and oceano-
graphic data acquired at the AA tower. During intense heat
loss episodes, COSMO/ROMS overestimated the fluxes by
about 10 %, while ALADIN/HR underestimated them by
about 14 % on average. Nevertheless, temporal changes an
peak values were reproduced well by both models, as can be
observed in Fig. 4a.

Spatial distribution of modelled fluxes, represented in
Fig. 5 as a cumulative energy and mass loss during the
bora episode (25 January—14 February 2012), quantifies the
amount of energy and mass taken from the sea and indicate
jets with extreme energy losses due to cold and severe bor:
wind. The energy loss (Fig. 5a) exceeded 1.5 G3 over the
maximum bora jet along the eastern shore (off Senj), which
is equivalent to a cooling rate of about 4@ over the whole
event, if the box model heat balance approach over 80 m-
deep ocean (average sea depth over the bora jet areas in the
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inner Croatian waters) is used (Gill, 1982). The box modelgig 4. (a) Time series of turbulent heat fluxes (negative values
neglects lateral input as acting on longer timescales thamjenote heat loss from the sea) estimated from measurements for
the atmospheric forcing, which is a fair approximation for station AA (black), together with modelled heat fluxes computed
preliminary computations. Naturally, similar energy lossesby ALADIN/HR (red) and COSMO/ROMS (blue) models at the
over smaller and shallower embayments, e.g. Pag Bay (40 rgrid point nearest to AA, for the period between 25 January and
average depth), would multiply the cooling of the ocean.14 February 2012. Time series of surface (2m) and bottom (13 m)
Lower cooling rates over the shallower northern Adriatic (P) potential temperature (PT{c) practical salinity andd) poten-
would yield a similar temperature decrease. The energy losia! density anomaly (PDA) during the same period at the AA sta-
of 0.7 GJnT2 modelled over the 30—40 m-deep TL embay- tion.

ment would decrease the temperature by abSs@. Similar

rates were estimated for the Gulf of Trieste and confirmedpora jet, being equivalent to a salinity increase of 0.12
by temperature measurements from the buoys in the gulfover the 80 m-deep inner Croatian waters. Cumulative wa-
Lower heat losses occurred over the open-convection deegy josses were 23 times lower over the classical dense wa-
water formation area in the south Adriatic, where bora dider formation site in the northern Adriatic, resulting in a
not blow during the whole period and therefore relatively gjightly lower salinity increase rate (about 0.1). By using a
modest cooling and vertical mixing were observed (up t0hox model, potential density anomaly increase can be esti-

500m, not shown). _ _ mated at around 0.95 kg™ in the inner Croatian waters.
In addition to the cooling, cumulative water loss (Fig. 5b)

during the event surpassed 250 kgfrover the maximum
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Cumulative heat gainfloss [MJ mi?]: 25.01. - 14.02.2012. with a streamtube model the NAADW flux of 0.02 Sv during
46°N | 0 dense water formation in 1981, while Mantziafou and Las-
‘ caratos (2004) modelled a NAADW production yearly rate
of 0.03-0.04 Sv (i.e. 0.12-0.16 Sv in 3 months), and Arte-
-200 giani et al. (1997b) documented a NAdDW yearly rate of
0.07 Sv (i.e. 0.28 in 3 months), both looking at a time span
covering several decades. However, the last two estimates
-400 are based on a much lower density threshold of 29.2 k& m
which is more appropriate for average dense water forma-
tion rates. We choose a higher threshold than previous stud-
-600 ies to take into account lower temperatures (abd@)land
higher salinities (about 0.1 in offshore areas) forecasted by
COSMO/ROMS in the northern Adriatic Sea. At the be-

— J ; -800 ginning of January 2012 (before the dense water formation
41°N \ event) waters having densities above 29.5 kg raccupied
- % a volume of 218 kr, corresponding to the average volume
40°N —_— o D I e of dense water stored in the Jabuka Pit year round (Artegiani
Lo wE L wE WwE et al., 1997b), so the chosen threshold can be considered as
Cumulative water gain/loss [kg m™]: 25.01. - 14.02.2012. a conservative one. Conclusively, both formation rates and
46°N e associated densities were much higher during the winter of
200 2012 than during normal dense water formation years.
45°N It should be emphasized that real volumes were probably
i 150 larger, as the model did not recognize the eastern Adriatic
100 coastal waters as an area where high densities were present
44°N after the outbreak. To be precise, climatological freshwater
0 load resulted here in much lower modelled salinities with re-
: o spect to the observed ones, the difference ranging between
N 0.4and 1.5.
-50 The highest densities estimated by the model were ob-

tained in the northernmost part of the Adriatic shelf. This
area has already been recognized as the place where the
-150 densest waters have been normally formed (e.g. ildyid
Supk, 2005). Once generated, the water rapidly propagated
towards the middle Adriatic and reached the western Jabuka
-250 Pit perimeter a few days after the cessation of severe winds
and dense water production (the cooling event ended on

Fig. 5. Cumulative(a) heat andb) water gain/loss between 25 Jan- 14 February). The pathway followed the western Adriatic

uary and 14 February 2012 as estimated by the ALADIN/HR model. Shelf (see the scheme in Fig. 1), as already documented by
Negative values denote heat and water losses from the sea. previous studies (Vilili et al., 2004; Vilibt and Mihanow,

2013). As the first arrival of dense water is associated with
the water generated at the beginning and in the middle of
the three-week cold outbreak (i.e. at the beginning of Febru-
Outputs of the COSMO/ROMS numerical model (which, dif- ary), one may estimate that the time needed for dense wa-
ferently than the box model, includes lateral advection) wereter to come to the pit is about two weeks. This is two times
analysed in order to estimate the total volume of NAADW shorter than the normal arrival time estimated from multi-
generated during the event. In mid-February, just after thedecadal time series (Vilibj 2003). These estimates are based
end of the cooling episode, the total volume of the gener-on the observations of the bottom density current made by an
ated NADDW exceeding the density threshold of 29.5kgm ARGO profiler. The float was profiling along the northwest-
equalled 4250k The generated NAdDW encompassed ern perimeter of the Jabuka Pit in mid- and late February, and
most of the northern and a large part of the middle Adriatic. it detected the first arrival of the dense water on 18 Febru-
By assuming that the associated dense water current (flonary 2012 (Vilibic and Mihanow, 2013).
ing southeast) lasts for 3 months, one may reach a prelim-
inary estimate of average transport of 0.55 Sv. This is sev-
eral times larger than documented during previous dense wa-
ter formation years. Artegiani and Salusti (1987) estimated

40°N = - =
12°E 14°E 16°E 18°E 20°E
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3.3 Preconditioning and long-term changes N HV ._ 2D
1 N

~ 1=t . .'\ fi =13
As estimated salinity increase due to evaporation is on the 2 ;'Lq"ﬂvaﬁ.\ﬁf\ 25 i:'hv/\;j 'z.,w'a.;"‘u"". <12 "‘J a
order of 0.1, the observed high salinities at all dense wa- * = e b B3 N
ter formation sites, particularly in the inner Croatian wa- Ejs‘gm . 339‘22_ R
ters, should be a result of a preconditioning. Indeed all of seJIAD ,"' -\‘FMM\ o | IT CovE o r
2011 was characterized by very dry and warm conditions ing 4 ‘U%""-f ¢ \;\? oM Bl
western and southern Europe (NOAA/NCDC and WMO cli- ¢ | % | ; 2 o723 X
mate reports), especially over the eastern Adriatic, where thi_ 5 e i
dries’; year ever was rgcorded (_Climate rep<_)rt frorr_1 Meteo-é‘znz—_lﬁl 1 = F‘Jﬁ/\/‘” o 'ﬁ'\”r-"'\‘-"”;'i ;;,292_: e I,'
rological and Hydrological Service of Croatia, available at g zas | f«’»-xgl / '-\ﬂ ff—M g ,T ‘e
http://klima.hr). Also, the monthly runoff of the largest Adri- * .5, ] -y . A . .
atic river, Po River, was constantly below the respective av- T R R L R R VL

erage (about-25 % overall) throughout a whole year, from . . .

April 2011 to March 2012. This is particularly relevant to the Fig- 6. Long-term series of potential temperature (PT), practical
inner eastern coastal waters, where freshwater load coming2iinity and potential density anomaly (PDA) collected at stations
largely through submarine karstic springs was very low (sta- V and ZD (see Fig. 1 for station locations), at the maximum den-

. . - - sity level between 1 February and 1 April. These dates are chosen
tIOI’]S. PC, MS’ ZI?, DRY); t.herefore, high salinity preceded theas the maximum density in the deep Adriatic Sea occurs during this
cooling episode in the winter of 2012.

) - . interval. Red circles denote the year 2012.
Simultaneously, the advection of saline waters over Pala-

gruza Sill towards the open middle and north Adriatic in
the summer of 2011 (see station JP in Fig. 2a) increased
the salinity at all open dense water formation sites by abouserved in both examined long-term series, even in the coastal
0.3. As coastal waters were absent, these high salinity wateniddle Adriatic area which was not as exposed to cooling as
reached the northernmost Adriatic shelf areas and intrudedhe coastal northern Adriatic. The observed maximum den-
into the coastal eastern Adriatic. sity anomaly at station HV (Fig. 6) in the 1952-2012 in-
The preconditioning to the dense water formation endedterval was a combination of high salinity and low temper-
with warmer- and saltier-than-average waters, rapidly changature values, although both temperature and salinity did not
ing to colder than average during the three weeks of bora outreach record-breaking values. A 10yr-long series at station
break. The synoptic setting in the atmosphere was persisteriD (Fig. 6) shows the importance of very high salinity to the
for almost three weeks of the cold outbreak. It included sev-observed record-breaking density, since temperatures were
eral deep cyclones traversing the Mediterranean, mesoscatdose to average winter values at this station.
cyclones developing over the middle and south Adriatic and Long-term sea temperature series in the Gulf of Trieste
a high pressure system stretching from Scandinavia to westare available in the Port of Trieste (at the depth of 2m). The
ern Europe. This represents a classical blocking situatiorseries consisting of one daily observation in the late morn-
(Lejeras, 1989), occurring with such intensity over the Adri- ing started in 1934 and are free of gaps since 1946 (CNR-
atic once every few decades. To be precise, such persistend8MAR archives, unpublished data). Although it is false to
in cold outbreaks over the Adriatic was observed previouslycompare different historical synoptic events purely on spe-
in 1929 and 1956 (Penzar et al., 2001). The winter of 192%cific parameters, it can be noted that the sea temperatures at
was so severe that bottom waters in the Gulf of Trieste coole® m depth were below 4 during February 2012 (mini-
down to 3.95C, with observed salinity equalling 38.15 (Va- mum of 3.8°C on 12 February). This “threshold” was previ-
tova, 1934). The strength of dense water formation during theously reached in 1963 (minimum of £Q) and during sev-
winter of 1956 was measured at the deep JP station surveyegtal days in early February 1942, when the absolute mini-
on 26 April 1956, where temperature and salinity at 240 mmum of 3.22C was measured. Thus, we may deduce that
equalled 9.27C and 38.31, respectively, resulting in poten- near-sea-surface temperature in the Port of Trieste reached
tial density anomaly of 29.67 kgmd. One should note that “the second lowest” yearly value in February 2012. Unfortu-
both past extreme dense water formations (in 1929 and 195@&)ately, no similar salinity record is available.
were characterized by much lower salinities, as precondition- Additionally, the analysis of joined collection of CTD ver-
ing was presumably different, with much higher precipitation tical profiles taken in the Gulf of Trieste between January
rates and river runoffs and cooler climate preceding the densand March since 1996 also confirms that the dense water for-
water formation. mation event in February 2012 was exceptional. Field cam-
The available long-term series in the coastal eastern Adripaigns were conducted by ARPA-FVG and OGS in ltaly,
atic (Fig. 6) and the Gulf of Trieste reveal the extremenessand NIB-MBS in Slovenia. The data from 133 CTD stations
of the winter 2012 cooling event and dense water generationuntil 2011, with temperature, salinity and potential density
One may notice that density anomaly was the highest obanomaly values extracted every 1 m, show that the lowest
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mean temperatures are found in February (&3533°C). AcknowledgementsiWe are indebted to all the oceanographers,
Mean values of salinity in January (37.351..44) and Febru- crew members and technicians who collected and processed the
ary (37.33-1.38) are similar and are higher than those observations. The data collected from the ARGO floats were made
measured in March (37.221.83). The month with the freely available by the International Argo Program and the national
largest density anomalies is February (2202 11 kg ), programs that contrib_ute to it. The Argo Program is part of the_
followed by January (28.88+1.11kg m_3) and March Global Ocean Observing System. We are grateful to A. Coluccelli

3 - (DISVA, Universi@a Politecnica delle Marche, Ancona, Italy) for
(28.87+1.51kgnT™). Between 1996 and 2011 the high ROMS operational setup and part of output processing, and to

est potential density anomaly was measured O_n 18 I:ebrl'\VI. Deserti, T. Paccagnella and A. Valentini (SIMC-ARPA-EMR,

ary 2005 (30.12kgm®). On the other hand, in Febru- pojogna, Italy) for the COSMO/ROMS forecasts. The support for

ary 2012 mean potential density anomaly at 45 CTD sta-he study was received through the Ministry of Science, Education
tions was 30.23kgm® (+£0.38kgnT3), with temperature  and Sports of the Republic of Croatia (grants 001-0013077-1122,
5.30+£ 1.17°C and salinity 38.28 0.50, which is close to  119-1193086-3085, 119-1191189-1228 and 004-1193086-3036).
the previous 1929 maximum value (30.30 kg?nVatova, A. Bergamasco and A. Boldrin acknowledge the partial support
1934). Potential density anomaly went up to a maximum ofreceived by the Veneto Region (Regional Law no. 15, 12 July 2007,
30.59 kg nT3, observed on 15 February 2012 (station TS, segProjects SISOE: Integrated System for Oceanographic and Ecolog-

Fig. 1 and Table 1), which is, according to available observa-'cal monitoring of the Adriatic Sea and MARINA), while S. Carniel

tions in the gulf, the new record value. All this confirms once 'S 9rateful to the FIRB Project support. V. Mala is indebted
more the strength of the extreme cooling event in January—tO the group performing the national monitoring program (under
February 2012 the EU Water Framework Directive), funded by the Slovenian

. . . Agency of Environment, and to the research program funded by
The observed difference in temperature and salinity oveline Mministry of Higher Education and Technology of Slovenia

multidecadal and centurial timescales may be associated wit{tontract no. P1-0237). M. Celio is indebted to the marine coastal
ongoing climate changes, observable in a positive trend of thevaters monitoring program of the Friuli Venezia Giulia Region
Adriatic salinity and upper-layer temperature (Vitket al., under the EU Water Framework Directive 2000/60/CE and D. M.
2013), driven by positive E-P-R (E — evaporation, P — pre-260/10. Comments raised by two anonymous reviewers are highly
cipitation, R — rivers) and heat flux trends observed over theappreciated.

Adriatic. The changes in coastal regions are found and pro-

jected to be more rapid (Viligiet al., 2013): the decrease in Edited by: M. Hoppema

freshwater coastal input in the Adriatic, resulting in salinity

and density trends higher in coastal regions than in the OPeR afarences

Adriatic, may weaken Adriatic—lonian thermohaline circula-

tion and therefore change the BiOS variability. Climate pro- ajien, S. E. and Durrieu de Madron, X.: A review of the role of sub-
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. : . . Badie, R., Alhammoud, B., Bozec, A., Mortier, L., Bouruet-
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