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[1] From late January to mid-February 4014 the Gulf of Trieste (North Adriatic Sea) was
affected by a severe winter weather event characterized by cold air and strong northeasterly
wind (Bora). The atmospheric forcing caused large surface heat £uxes which produced
remarkable effects on the gulf, particularly the production of a very cold and dense water
mass. Temperatures as low a€avere observed in the deepest part of the gulf, similar to
that which was observed in winter 1fiafi, which was probably the most severe winter in the
region over more than a century. The density anomaly attained values up to 40.83'kg m
even greater than in 1Aan. Surface heat £uxes were estimated using bulk formulas and the
meteorological and marine observations available at three stations. Mean daily heat losses
exceeded 1000 W Hh¥. A comparison of this event with similar past events was made using
proxy heat £uxes, available since 1fieed, to account for the air-sea interactions and using
temperature and salinity observations, performed since 1ifid, to account for the effect of
heat £uxes on ocean properties. The ad01a Bora episode turned out to be the most severe
event of this kind in the Gulf of Trieste for at least the last 44 years and is comparable to
that which occurred in 1fiaf. A signi¢cant linear correlation was also found between the
total surface heat loss and the density increase of the waters in the part of the gulf deeper
than 40 m.
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interactions in the Gulf of Trieste (North Adriatic) during the strong Bora event in winter &hl@eophys. Res. Ocearidd daao"
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1. Introduction Supieand Orlie 1fff; Malacic and Petelin 4001]. Ocean

) . .properties exhibit marked seasonal variability. At the sur-
[4] The Gulf of Trieste represents the northernmost poif ~o the mean sea temperature for 1fifi174004 varies from

of the Adriatic Sea and is approximately delimited by aling ¢ i February to 44C in July and practical salinity from
connecting the towns of Grado and Piran (Figure 1). Itis g, jn june to a2 in February; at 10 m depth the temperature
relatively small gulf of about 40 && knf* with a maxi- range is between & in February and & in July*August,

mum depth of 4a m. : while salinity varies between &ae and ad in all months,
[a] As the basin is shallow and semienclosed, the effeﬁging generally higher in winterMalacic et al, 4004].

of meteorology on the water body is remarkable, determifi,ge interannual and interdecadal near-surface sea tem-
ing a large variability in temperature, salinity,

. tyir ty, and thereforgeratyre variability is also observed in correlation with that
density. On synoptic time scales the area is often subjectdpir temperatureRaicich and Crisciani 1fffi]. Climato-

bursts of the katabatic northeasterly to easterly wind blo%gical annual precipitation amounts to approximately

ing from the Karst Plateau, named Bora in Italian and burgss s mm (164a mm fronStravisi and Crisciani1Aida]:

in Slovenian, which causes coastal upwelling [e@riS-  Fzpa mm from 1731 to 4010 data, available from the CNR-

ciani and Raicichaooa;Crise et al, ad0a] and intense air- |g\mAR archives), with the minimum in January“February

sea heat £uxesSfravisi and Crisciani1fida; Picco, 1Afil;  4ng the maximum in November. The mean river discharge
rate into the gulf is estimated to be 11& 8f * over 1ffd"

INational Research Council, Institute of Marine Sciences (CNRaooa’ due mamly to the Isonzo and Timavo HVG@EZI

ISMAR), Trieste, Italy. etal, aola). _ . _ _
National Institute of Biology, Marine Biology Station (NIB-MBS), [4] The Gulf of Trieste is recognized as a site of shelf
Piran, Slovenia. dense water formation that contributes to the North Adri-

*Regional Environmental Protection Agency (ARPA FVG), Palmanovat.:‘tiC Deep Water Nlalacic and Petelin 4001], which then
Italy. ; ’ b
ay f£ows cyclonically along the western Adriatic coast and
Corresponding author: F. Raicich, National Research Council, Institu@ventua"y contributes to the Adriatic Deep Water exiting
of Marine Sciences (CNR-ISMAR), viale Romolo Gessi &, 44144 Triest ; : ; :
ltaly. (fabio raicich@ts.ismar cnr.if the basm through the Otranto Strait. The process is typical
of the winter season, and it is a result of a negative buoy-
©4014a. American Geophysical Union. All Rights Reserved. ancy £ux mainly induced by heat £uxes at the air-sea inter-
41&7-Rased/18/10.1004/gre.40aRd face caused by Bora, which drives relatively cold and dry
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T T aola event, its comparison with similar past events as well

458N = gi as the climatology, and a statistical study of the relationship
Karst between water density changes and surface heat losses.
Plateau Conclusions are drawn in section &.

45, TN E

Trieste | 4. Data and Methods

a.1l. Heat Flux Estimates

_ [8] The total heat £ux at the air-sea interfac@ is
expressed as the sum of the net shortwave radiation £ux at
the sea surfac®s, the net longwave radiation £uQg, the
sensible heat £uQy, and the latent heat £uQe (all Euxes
Istrian are positive downward). The heat £ux components are esti-
Peninsula mated by means of the bulk formulas (in Sl units) adopted
| | | by Artegiani et al [1fifiae] for the Adriatic Sea and outlined
134E  13.5E 136E 13JE 13.8E in Appendix A. A compa_rison of different formulations is_
beyond the scope of this paper; however, further details
Figure 1. Map of the Gulf of Trieste. The inset shows itscan be found irCastellari et al [1fifid].
position in the Adriatic region. Black dots indicate the stag. 4. Meteorological and Marine Data
tions whose data are analyzed here. The positions of tg}n% 1. Winter 4014

casts cited in the text are shown by white diamonds (su ] Three stations provide in situ hourly data for surface

veys in January and February a01a) and grey squares (Sur- . . :
veys inVatova[1fiaa)). $8at £ux estimates, namely, Molo Bandiera, situated on an

external pier of Trieste harbor, the mast platform PAL-
OMA (Piattaforma Avanzata Laboratorio Oceanogra¢co
; ; P ; Mare Adriatico  Advanced Platform Oceanographic Labo-

air onto the gulf. Relatively low precipitation and river run- S ;
g y precip ratory Adriatic Sea) located in the center of the Gulf of

off may determine relatively high salinity, thus precondi-<: . . . . :
tioning the water mass. Note that on average, the negatiVeSte and Vida buoy, approximately a km off Piran (Fig-
1). All stations are equipped with automatic instruments

buoyancy £ux component due to surface heat loss is largEs¢

; ; ; data acquisition, logging, and transmission. Molo Ban-
in autumn, but only in January and February does it prev. r < .
over the positive component related to the fresh watgf€ra and PALOMA stations are jointly operated by ARPA

; ; o ; G and CNR-ISMAR; Vida buoy is operated by NIB-
£ow f the at h d ISt d Cris- X .
Icri]agiwlr;grén]_ e atmosphere and riverStfavisi and Cris MBS. Meteorological data are also available at the ISMAR

[ From the end of January to mid-February 4014 %:ilding located about 400 m from Molo Bandiera station.
strong and persisting Bora wind affected the Adriatic Se b_IIe bll_sun;marlzes the s;aﬂogs hcharaﬁcterlstlps and the
area and particularly the Gulf of Trieste. Such long-lastingva!laPliity of parameters. For the heat £ux estimates sea

and intense windy weather was the consequence of a pellPeratures at a or a m depths are selected to represent
sistent atmospheric pressure gradient related to a staf r-surfa}qe values. The dlfferen't depths are not.qon5|dered
anticyclone extending from Russia westward over centr] P€ @ critical factor since in typical winter conditions the
Europe and to generally cyclonic conditions over the Med}Yater column is vertically homogeneous. Solar radiation at
terranean Sea. According to Trieste precipitation recordé'-OMA is also used for Vida station where it is not
(available from CNR-ISMAR archives), this event fol-2vailable. At Vida 10 m wind speedJg,) is estimated
lowed a particularly dry previous quarter (November 4510 the & m data according to the power-law refation
to January 401a) with only 41% of the 119174010 climato- -
logical precipitation amount. Ui~ U, L0 oda 1t

[4] Mihanovieet al. [a014] studied the 4014 dense water o Eh '
formation in the northern Adriatic shelf and how it has
affected the whole Adriatic basin. In this paper we focus omhere h™ & m [World Meteorological Organizatign
the northernmost site of dense water formation, describidgidd]. As the pressure ¢eld exhibits large spatial coherency
the event and showing how far it was from “normal* wintercompared to the size of the Gulf of Trieste, ISMAR build-
Bora events. We studied the problem in terms of heaig atmospheric pressure (reduced tdCoand mean sea
exchanges between sea and atmosphere, and the effect ofékiel) is adopted to represent the whole Gulf of Trieste
event on water column properties, particularly temperatubecause it is checked every week against indoor mercury
and density. Our analysis will not deal with extreme hedtarometers. Fractional cloud cover is not observed locally
losses in general but only events occurring in winter, de¢neahd is taken from the European Centre for Medium-Range
as January™March. In fact, the largest heat losses in the Glleather Forecasts (ECMWF, MARS archive at http://
of Trieste are observed in autumn, from late October to earyww.ecmwf.int/); data are available at 00, 04, 14, and 18 h
December, when frequent strong winds occur together withTC, and each are used to represent a time window from
large sea-air temperature differenc&sravisi and Crisciani a.a h before to a.a h after the relevant time.
11da; Supigand Orlig, 1/if;Rinaldi, 4004). [10] Additional data come from two CTD (conductivity-

[dd Data and methods will be presented in section &. Setemperature-depth) surveys performed in the Gulf of
tion & summarizes the results, i.e., the discussion of tAgieste on lae January and 13"1& February 4014, which

aaan



RAICICH ET AL.: AIR-SEA INTERACTIONS IN WINTER a01a

Table 1. Stations Providing Meteorological and Marine Observafions

Molo Bandiera PALOMA Vida ISMAR Building
Latitude (N) da.4al 84.418 aa.aan 34.85a
Longitude (E) la.e84 14.484 14.841 la.e8a
Meteorological instruments heights (m)
Atmospheric pressure 10 10 N 11
Air temperature 10 10 a 11
Relative humidity 10 10 a 11
Scalar wind speed 10 10 a aa
Solar radiation 10 10 A n
Sea temperature probes depths (m) 04,424 a, 14, 4a a n.a
Seafoor depth (m) E:} aa aa n.a.

A dash indicates that data are not available; n.a., not applicable.

provide descriptions of the area before and after the eveata.a. Multidecadal Time Series
These data belong to an oceanographic data set for the Gulfiq In order to assess the severity of the 4014 event, the
of Trieste consisting of observations performed since 1fifat £uxes of that year should be compared with long-term
by ARPA FVG, NIB-MBS, and the Istituto Nazionale diclimatologies and similar previous events. Strictly speak-
Oceanograta e Geotsica (INOGS) during institutionéhg, such comparisons can only be made if homogeneous
monitoring of the regional coastal waters. The data set céime series of meteorological and marine data are available,
be retrieved from http:/msoalxarpa.arpa.fvg.it/mnt/stowhich in our case, is true only for relatively short periods,
age/crma/GoT-a014 and in the following, will be referredgpecitcally 1fi years for Molo Bandiera station, 10 years
to as "GoT 1lifiataola." for PALOMA, and 10 years for Vida, all of which, more-
[11] The heat £ux estimates are affected by several sowver, are affected by gaps.
ces of uncertainty. We can distinguish random, systematic[1a] A way to overcome this limitation is to produce
and environmental data errors. The random error is assogiultidecadal time series of proxy heat £uxes from which a
ated with instrumental sampling and is expected to h®imatology can then be derived. We take advantage of the
extremely small since each hourly value is the mean ofieteorological observations performed at the ISMAR
thousands of individual measurements. The systemakigilding station and the near-sea surface temperature time
error is related to instrumental drifts or failures (the use aferies collected in Trieste harbor.
data from different instruments may fall into this category). [15] Air temperature, atmospheric pressure, relative hu-
In our case, instruments are routinely calibrated, and whemidity, and wind speed have also been measured at the
possible, further checks were made after the event. THBMAR building station since summer 1/i&0. Unfortu-
does not apply to cloud cover which is a model produchately, wind data are homogeneous only since summer
The environmental error is white noise related to smalltfizeae because of an anemometer change. Despite the short
scale £uctuations that cause each measurement to be Bistance between the ISMAR building and Molo Bandiera
accurate in representing the environment than would biee meteorological parameters at the two sites exhibit sig-
expected on the basis of the instrumental errors only. fi¢cant differences in terms of means and daily cycles
general, it is reasonable to assume that the environmeritakause of different exposures to wind and the Sun; the
error prevails over the other error sources. The error 8MAR building is, in fact, partly shielded from Bora by a
hourly data is here estimated as the standard deviationngarby hill. A comparison made for the 1 January to al
the residual £uctuations obtained after removing the daiMarch 4014 period shows that air temperature at Molo
cycle (time scales longer than a h) from the original tim@andiera is higher than at the ISMAR building by &G
series. Since we are interested in the January“Februanyd scalar wind speed is higher by &4%. The same compar-
4014 event, we take into account only the time series froison for the 48 January to 14 February event gives®.a
January to March a01a, which includes the conditionsnd 44%, respectively. Relative humidity is much more dif-
before and after the event. As a result, for all stations wieult to compare because it is measured in a meteorological
adopt absolute environmental errdref 0.4 C for air tem- hut at the ISMAR building and in the open air at Molo Ban-
peratureT,, 0.1 C for near-surface sea temperatiie 8% diera, and moreover, the two sites are characterized by dif-
for relative humidityU, 0.4 hPa for atmospheric pressurderent ground surface types, i.e., grass and gravel at the
Pa, and 0.1 for fractional cloud coves. A relative environ- ISMAR building and concrete at Molo Bandiera. In Janu-
mental error of 1a% is adopted for wind speed. An ary“March 4014 relative humidity is the same (at the unit
exception is the solar radiation £uR,, for which a &% percent precision) at the two stations, while during the
error is adopted, corresponding to the measurement ac8eora event it is higher at Molo Bandiera by fi%.
racy. Details on the heat £ux error estimates are included in[1q] A continuous near-surface sea temperature time se-
Appendix B. Note that we do not take into account differries is available for Trieste harbor, consisting of one daily
ent bulk formulations, and so this additional source aheasurement performed from 1fida to 400a with bucket
uncertainty is disregarded. thermometers at about noon at & m depth (available from
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Figure &. Average daily data of meteorological and marine parameters from 1a January to an February
401a at Molo Bandiera (black dots), PALOMA (white diamonds), and Vida stations (X). (a) Fractional
cloud coverC (from ECMWEF), (b) scalar wind spead, (c) relative humidityU, (d) atmospheric pres-
surep, (white circles, from the ISMAR building), (e) air temperaturg and (f) near-surface sea temper-
atureTs.

CNR-ISMAR archives). The measurements have alwag$ severe winter weather from ad January to 1a February is
been made within a few hundred meters of Molo Bandieigharacterized by a persistent strong northeasterly wind and
station, where sea temperature probes have been in opeedatively dry and cold air. Hourly mean wind speed is of-
tion since 1fififi. Data for January*March from both sourcésn greater than 40 ni $ with peaks on 1, 4, @, and 16"11
have been compared for the common period 1ififitaodeebruary (Figure ab). It is apparent that the event consists
obtaining a mean difference of 0.640.1a C (bucket ther- of two phases, the ¢rst showing high spatial coherence of
mometer data are higher) and a maximum absolute diffahe wind ¢eld at the three stations while from & February
ence of 0.a€. Therefore, the composite series obtained bynward differences appear between Molo Bandiera, on the
merging these two time series can be considered homogeastern coast, and the two offshore stations PALOMA and
neous for our purposes. Vida. In this second phase a general wind speed decrease is
[18] Solar radiation data are not available; therefddg, observed from @ to i February when it falls below 16 m
andQ will not be estimated. Thus, we obtain the time series *, followed by a rapid increase and another peak on 16"
of proxy daily Qg, Qu, andQg for the winters from 1fiaed to 11 February. Moreover, wind at Molo Bandiera exhibits
aola, as well as the upward heat £@y~ Qs QT Qe. more marked E£uctuations than at the offshore stations
The 1Azed”4011 means will be used as the referedmsxause of the high turbulence induced by the vicinity to

climatology. the coast and the Karst Plateau. The sudden wind speed
drop on 1a February marks the end of the episode. During

4. Results the entire event relative humidity is around &0% except in

. o the interval of relatively low wind speed on 8" February,

a.1. The Extreme Bora Eventin aola when it drops to 40% at Vida and less than 40% at PAL-

[1d The time series of meteorological and marine datdMA and Molo Bandiera (Figure &c). Air temperature
for the three stations are displayed in Figure &. The eveexhibits a general decrease at all stations (Molo Bandiera is

aaal
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=

OMA at &, 1a, and aad m depths are consistent with the
pro¢le data (Figure &). As a result of the Bora event, the av-
erage temperature of the surface layer (1*& m depth)
decreases from 10.6ii to &.#84a salinity increases from
: a40.0a to a40.a4, and, increases from afi.lee to 40.40 kg
4 m”?; in the bottom layer (40”43 m) average temperature
decreases from 10.34 to &.&1 salinity increases from
40.0M to &0.41, and, increases from afi.4a to &40.4a kg
. m’ 2,
. [1] From the continuous observations at PALOMA sta-
tion, sea temperature turns out to be vertically homogene-
ous during the event. By contrast, after Bora has ceased to
blow, cold and dense waters formed on the shallow (less
. than 10 m deep) northern shelf sink into the deepest part of
] the gulf around PALOMA station. This situation is illus-
trated by the meridional cross sections along the dashed
1 | I N | I segment in Figure 1, obtained from a spatial objective anal-
2 4 6 81012 38 3825385 29 29,530 30,5 ysis of the pro¢les measured during the survey performed
T(°C) S o, (kg m-) on 1& February (Figure &). On the northern slopg
exceeds a0.4 kg hf (Figure da), and temperature is lower
Figure &. Protles of (a) temperature, (b) salinity, and (c§han &C, reaching even &.& in the shallowest area (Fig-
potential density anomaly, at station Paaa before (dottedure ab). The cold water mass remains in the deep gulf from
lines) and after (solid lines) the Bora event. Symbols ika to a0 February, exhibiting a slight warming trend, while
Figure aa represent temperature measurements at PAear the surface the water column becomes warmer by
OMA station; the horizontal bars indicate the temperatu@Pout 1.aC (Figure &). Another windy period on ao"aa
range of hour|y measurements on the relevant day Feb_ruary destroys the vertical strati¢cation. The average
vertical temperature, computed from the observations at &,
14, and 4a m, exhibits a slight increasing trend after 1a
slightly colder because of its coastal position) until & Fel~ebruary, consistent with that of the bottom layer tempera-
ruary, then we observe a steady phase lasting & days,tare, and no abrupt change is observed when wind starts
increase between a and i February from approximately
to £ & C, and another sharp cooling down @ C on 11 5
February. The last two £uctuations correspond to the wind e ——— = 30.1—
weakening and the subsequent abrupt strengthening (Figure 3 3%214&302%0-5
ae). Air temperature always remains below the freezing \\
point between & and & February and between 10 and 14
February. Besides a marked general cooling, the near-  9-
surface sea temperature behaves differently at the three starE- 12
tions. At Molo Bandiera the very shallow water column is ~—
more sensitive to atmospheric forcing changes and exhibits © 151
a slight warming when wind speed decreases, while at  4g.]
PALOMA sea temperature decreases throughout the event,
more slowly until & February and more rapidly afterward
(Figure af). At Vida the behavior is similar to PALOMA 244 @
except that after 0 February, during the last phase of the 0
event, no further cooling is observed. The warming on fi®
14 February is likely related to the advection of warmer 31
waters, but there is a lack of data to con¢rm this statement. 61
Nonetheless, acoustic Doppler current pro¢ler data meas-
ured below Vida clearly show that around 11 February, a 91
northward current extends from & m depth to the seafoor g 12
and may bring warmer waters from the south. By contrast
the lowest temperatures at PALOMA and Molo Bandiera
between & and & are observed at the end of the event 181
when a local temperature maximum of about &.3s 21
reached at Vida.
[18] The water column properties of the gulf are affected 241
toa Iarge_e?(tent by the qua event. Figure & shows temper-  4e'aN" 45.75N 457N 45.65N 456N 45.55N 455N
ature, salinity, and potential density anomaly)(pro¢les
collected on lae January, before the event, and 1a Febru&igure 4. Meridional cross sections of (a) potential den-
after the event, at station Paaa, adjacent to PALOMA (Figsity anomaly and (b) temperature from data observed on 1&
ure 1); temperatures measured on the same days at PA&kebruary 4014 along the dashed segment in Figure 1.
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and Vida, respectively, corresponding to total evaporation
A ] of 404, 414, and 444 mm throughout the Bora event.
20 =] [4a] An estimate of the density increase due to evapora-
R tion helps in estimating the shares between the increase of
e 15 ] density due to cooling and that due to evaporation. Let us
> 10 take the PALOMA station estimate bf~ ala mm for the
evaporation over the whole Bora event. During evaporation
S 4@ the mass of salt inside the sea remains constant, which also
0 holds for the area around PALOMA. Since during the
windy conditions the water column is vertically homogene-
9 ous, the conservation of salt can be written as
8
e SH~ S.HY he T at.
2 whereS and S are the salinities before and after the Bora
5 event, respectively, anld is the water depth (44 m at PAL-
4 | | : : OMA). From Fig_ure ab the vertically averaged salinity
before the event i§~ a0.0ae; therefore,
30 S 10 15 20
JAN 2012 FEB 2012 y1

S° g 1y he 77 1:007, "~ 4880 .at
Figure &. PALOMA station hourly data from aé January H
to aa February 401a. (a) Wind speedand (b) sea temper- , o , .
atureT, at & m depth (thin line) and 4a m depth (thick line)Which despite the simplicity of the approach, is quite con-
sistent with the vertically averaged salinity of &d.aa
observed after the event (Figure ab).

blowing on &0 February (not shown). This means that in [43] We may also reasonably approximate, in this sim-
the area near PALOMA on that day, wind mainly induced glistic view, that relative density changes depend linearly
vertical heat redistribution by convection and forced vertion salinity and temperature changes as
cal mixing, rather than the advection of warmer waters.

[a0] At 14 m depth, temperature exhibits £uctuations Do, DT+ DS At
with the inertial period of 1a.2e h (not shown), and an ampli- R y '
tude around 0.&, as revealed by Fourier analysis. This
phenomenon deserves further attention. [4a] The ratio between DT and DS measures the im-

[a1] Table & summarizes hourly and daily means anportance of density increase due to cooling with respect to
extremes observed at the three stations during the Bdta increase by evaporation. Let us take for(thermal
event for the variables that are most relevant to heat £@xpansion coef¢cient) and(saline contraction coeftcient)
estimates, namely, air temperature, sea temperature, seatarvalues folT~ se.fia€ andS~ &98.44, which are the av-
temperature difference, and scalar wind speed. The time seage temperature and salinity before and after the event
ries of mean daily heat £ux components and totals are digigures 4a and ab): ~ 1.8 19 C''and ~ .84
played in Figure &. The event is characterized essentially) ©. Taking the observed mean changes of temperature
by large sensible and latent heat £uxes, which affect ti¥T"y &.40 C and salinityDS™ 0.4f, the computed rela-
upward heat £uQy (sum of Qg, Qn, andQg) and the net tive density change is 1.1a kg’ while from observation
heat £uxQ. Means and extremes of the heat £ux compatis 1.0fi kg n . The ratio DT/ DS™ &.6f, meaning that
nents during the event are summarized in Table &. Fgam the density increase due to forced cooling is almost three
we estimate mean evaporation rates (equation (A18)) ies larger than that due to evaporation, which itself, is far
14.8, 14.4, and 14.0 mm’d at Molo Bandiera, PALOMA from being negligible.

Table 4. Means and Daily and Hourly Extremes Recorded During the 48 January to 14 February 4014 Period for Selected Parameters

Site Data Type Ta ( C) (Minimum) Ts( C) (Minimum) Ts¥ Ta( C) (Maximum) w (m &%) (Maximum)
B Mean y o.i a.4 2.4 14.1

Daily yala Feb a.01a4 Feb lo.a4a Feb aad.alo Feb

Hourly ya.84a Feb(0a) a.814 Feb (40) 16.ia Feb (o) 4411 Feb (01)
P Mean yo.1 Y 2.4 14.0

Daily yaoa Feb d.ee la Feb 11.4a4 Feb ao.na Feb

Hourly ya.la Feb (o) a.414 Feb (o) 1l4.0a4 Feb (0n) 43.498 Feb (00)
\% Mean 0.1 3.4 8.4 14.0

Daily yaoda Feb &.410 Feb la.aa Feb ao.0a Feb

Hourly yaaa Feb(08) d.adax Feb(13) 14.0a4 Feb(08) da.fie Feb (1A)

B, Molo Bandiera station; P, PALOMA station; V, Vida station. UTC hour in brackets.
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Figure &. Average daily heat £ux components and errors from 14 January to i February 4014 from
data at Molo Bandiera (black dots), PALOMA (white diamonds), and Vida stations (X). (a) Solar heat
£ux Qg, (b) total heat £uxQ, (c) net upward heat £ufQ, (d) latent heat £uXg, (e) sensible heat £ux

Qn, and (f) net longwave heat £1Qg.

a4.4. Comparison With Similar Previous Events a.4.1. Surface Heat Fluxes

[¢ We compare the 4014 event with similar past epi- [2d] The persistent strong wind and low air and sea temper-
sodes. The events are studied in terms of overafures suggest that the heat £uxes in winter a01a are remark-
atmosphere-sea interactions and their effects on the &4, butitis dif¢cult to ¢nd similar detailed analyses eth
water body, i.e., the surface heat £uxes and water colurfHxes in the Gulf of Trieste in previous strong Bora events.

properties, instead of looking at individual atmospheric and [4¢ As an example, we consider an event which
marine parameters. occurred in February 4004 studied Bprman et al [4004]

Table 4. Means and Daily Extremes During the 48 January to 1a February 4014 Period for Heat Flux Confponents

Site Data type QW mY? Qu (W m”#) Qs (W m”#) Qe (Wm'?) Qu (W m” %) Qs (Wm'?)
B Mean y a10 y deed a0 y 84da y 4ad y el
Extreme y fioa y fieed 104 y 404 y &0a y 143
Date a Feb a Feb a Feb a Feb aFeb a Feb
P Mean y 404 y ada E=<%) y 4da y aan y ael
Extreme y 1084 v 1144 144 VELED VEEL y 14
Date aFeb a Feb 14 Feb aFeb a Feb a Feb
\Y Mean y 44a y 280 28 y &0a y 4da y aed
Extreme y 108& y 1141 144 y ani y deed y 143
Date aFeb a Feb 1la Feb aFeb a Feb a Feb

B, Molo Bandiera station; P, PALOMA station; V, Vida station.
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from open sea observations and the Coupled Ocean/Atmos- T s s (5

phere Mesoscale Prediction System (COAMPS) data that 12 _gz % > |
cover the northern and central Adriatic. Unfortunately, a . 10 [ § g > 5 i § e
comparison for the Gulf of Trieste is not possible from ¥ g & - 3 g % (] i
direct observations because the area is only covered by— e E -
COAMPS data [Porman et al, 4008, Figure 1a]. The 5r g4 1
authors report a mean February total heat £ubetween 4 i
Y 400 andy 400 W nt’ # which when also considering that S
different formulas were used for the heat budget estimate, 38.5 b = 1
appears to be very different from the estimatejdfase W g *3 [ s
m”# made from observations at Molo Bandiera and the ® EPRe. . % I
bulk formulas used in this paper (Appendix A). A probable 175 L Se ? o |
reason for this discrepancy is that the sea-air temperature [ ;
difference from COAMPS is too large, speci¢cally about 37 o
d C [Dorman et al, 4004, Figure &], while we ¢nd only e,
4.4 C. In general, as the authors state, COAMPS overesti- 305 - [
mates heat losses at coastal and near-coastal stations ar~ 39 | € . o - i
underestimate them in the middle of the northern Adriatic £ ] =3 I 2 2
basin. 285 = ¢ z & ] % = |l
[4] Mean heat £ux estimates for February 4004 are also & 29 = ¢ Py e
available fromRinaldi[4004], who used the meteorological 285 | G & 3 H
data from the ECMWF. As a resultQ)( Qs Qg, Qu, e
Qp)”~ (V 1fi8, 104,y 140,V &4,y 102e) W th? to be com- 1996 1998 2000 2002 2004 2006 2008 2010 2012

pared with our estimates of (Laee, 10ay,1a4,y a1,y 6f) . -
W m’ 2 respectively. Differences can partly be explainefigure . Average (a) temperaturg, (b) salinity S, and
because of the use of ECMWF skin sea temperature instdy Potential density anomaly, and respective errors for
of near-sea surface temperature, which are essentially eqffi§} Part of the Gulf of Trieste deeper than a6 m in January
only during a strong Bora, when the surface part of thg ite diamonds) and February (black dots) from 1fifia to
water column is vertically homogeneous. aola.
a.a.4. Ocean Properties

[a7] Figure & shows average temperatures, salinities, and

» for depths greater than a0 m, obtained during surveysonth after the cold spell climax and 1 week after another
performed in January and February in the Gulf of TriestBora event, the Italian-German Institute for Marine Biol-
from 1fAfa to 4014 and extracted from the “GoT 1ffiadgy of Rovinj carried out an oceanographic survey in
a0la" data set; data for 4014 are highlighted by boxesvhich the temperature was found to be as low as &ft
The analysis is limited to the bottom waters since thegd m depth at station 18 and a.@at 41.4 m at station 1a
allow us to observe the air-sea interaction signal, by “stafFigure 1) Vatova 1Aaa).
ing" it much longer than the waters near the surface. In [ag The values of temperature, salinity, anglfound on
January 4014 the deep water conditions were characteriZEi 14 February 4014, & days after the end of the event, at
by T® 10.41C, S™ ase.84, and,~ an.11 kg M %, corre- stations C4, Paaa, and Za, are compared in Table & with
sponding tof 0.4a C,y 0.01 andy 0.14 kg n{ %, relative to those observed in 1faf at stations 1a and VYatjva
the 1Aifa"4011 January averages, respectively, whereadliidd]. The comparison is made for stations in the deepest
FebruaryT™ d.44C, S” 48.89, and ,~ ao0.ai kg M ® part of the Gulf of Trieste, where bottom depth exceeds 40
i.e.,ya.0aC, f0.40 andt 1.0a kg n{ ® with respect to the m, and for the depths reported by Vatova. It must be
1ARa"a011 February averages. approached with caution since we do not know the per-

[ag] It turns out that since 1Afia temperature has nevésrmance capability (calibration, accuracy) of the instru-
been as low and, as high as in 4014, and that such largenents and analyses of 1fidf. For comparison with modern
changes ofy 4.8a4 C in temperature and 1.48 kg i # in  data, the , values in Table & have been recalculated from

» have never been observed in the deep part of the Gulf\gatova's temperatures and salinities according to the
Trieste. UNESCO International Equation of State (IES &0), as

[a1] The period covered by the above-mentioned surveykescribed inFofonoff [17id&], while the original values
represents only the last 18 years, and it is therefore quiteported invVatova[1fiad] are higher by 0.0170.04 kg’
short. According to the meteorological time series recordddturns out that temperature and salinity in adla are both
in the region, several severe winter weather events occurtgdgher than in 1Aaf and their combined effect on density
in the past, probably the most famous being in Februadetermines , values that are not very different in the two
1Aaf when extremely low air temperatures affected thevents except at &a m wherg is clearly higher in aola.
area, such ay 1a C in Trieste andy 14 C in Rovinj, on The maximum , was observed near the bottom (18 m
the west coast of the Istrian PeninsuMafova 1ia4]. depth) at station Ba (Figure 1) with 40.48 kg’ fh repre-
Oceanographic data were collected in the northern Adriatieenting the highest value ever recorded in the Gulf of
including the Gulf of Trieste, shortly after that event, andrieste. Continuous temperature observations made at
this allows us to compare it with the event of 4014 on thPALOMA, whose position almost coincides with station
basis of water column properties. On 11714 March 1fiaf,RA484, show that at a& m depth water temperature reached

aaaa
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Table &. Comparison of Sea Water Properties Observed in the Gulf of Trieste in 1iaf antl 4014

T(C) S o (kg mV'?)
Depth (m) 1Ra# 4014 1Raf 4014 1Rad 4014
0.4 a.0ana.la 8.08"4.14 aa.adnao.oa a0.44na0.aa aa.1a"a0.0a 40.06"a0.40
a a.00Ma.10 4.220M4.01 aee.feenao.oa a0.4ana0.aa 40.0a"a0.00 ao.ofnao.al
1a a.fio"a.00 a.dana.aze ad.la a0.aadnao.al a0.afi"ao.ao a0.4ae"a0.aa
aa a.fiana.oo a.leena.ao a0.1anad.lee ad.5a87ad.a1 ao.aonao.al a0.a0nao0.aa

aColumns report minimum and maximum values observed at stations representative of the deepest part of the givaltiee for 1fiaf have been
recalculated (see text).

the absolute minimum of &.A& on 1& February and a sec-the heat £uxes estimated with ISMAR building data as
ondary minimum of 4.i&C on 1& February, which are veryproxies for the purpose of comparison with events observed
similar to Vatova's observations off Koper. in past winters, although we are aware that they do not rep-
a.4.4. Multidecadal and Climatological Analyses resent the actual air-sea heat £uxes in the Gulf of Trieste.
[aa] In order to check that heat £uxes at the two stations [as] Figures da”dd display the time series of proxy daily
vary coherently, we compared daily heat £uxes from Mol®y, Qg, Qu, andQg in comparison with 1fiaed”aoll clima-
Bandiera data and proxy heat £uxes from ISMAR buildingplogical daily means and extremes, and Table a lists the
data for January“March 4014 obtaining highly signi¢cartbp 1& daily heat £ux components in that period. During
linear correlation coeftcients, i.g.; 0.ffi forQy, r~ 0.fid most of the Bora ever®y, Qg, andQy are close to or even
for Qg, r> 0.0AfA forQy, andr” 0.A& for Qg, all of them surpass the extreme values for each calendar day; more-
being signitcant ap< 0.001. This result allows us to useover, several days of the a014 event appear in the highest

o0 F = (P P I 20 T 7 N I ) B E—
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Figure 8. Comparison of daily proxy heat £ux components, and average daily parameters used for
their estimate, from 1a January to an February 4014 (thick solid lines) with 1fiaed”4011 climatological
means (thin solid lines) and extremes (dashed lines). (a) Net upward he&£ub) latent heat £ux

Qe (c) sensible heat £u®y, (d) net longwave heat £uQg, (€) scalar wind speed, (f) air temperature

Ta (g) difference between sea and air temperatilitgsT,, and (h) sea temperatute.
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Table 4. List of the Top 14 Daily Proxy Heat Flux Components in the Winters From 1fieed té a01a

Q Wm”?) Qe (W m’?) Qn (Wm”?) Qs (Wm’?)
Date Date Date Date
1 2 eda aFeb 4014 y ana 41 Jan 1ina 2 440 a Feb 4014 y 140 aJan 1ida
a y eedo 11 Jan aooa y aoee 14 Jan 4001 y a0a fi Jan 1noda y 140 2 Jan 1ioa
a y sedd alJan 1ifa y ada a Jan 1ifna 2 4da aFeb aola y laee a Jan 1heefi
a y 10 & Jan 1fida 2 ada aFeb aola y aeefl a Feb 1An1 y 133 14 Jan 4004
a y ae0d 14 Jan 4001 y a4a 14 Jan 1iid0 y 4ad & Jan 1fida y 134 8 Jan 1fidee
a y 480 fi Jan 1Ada y 440 11 Jan a00a 2 4aa 11 Feb ao1a y 1da fi Jan 1701
& y &aed a Jan 1Ana 2 aao a Feb aola y ada al Jan 1nfa y 1an 6 Jan 1Adl
s} 2 deed a4 Febaola 2 a4a 1 Feb a0la 2 4aa & Feb 4014 y 1an 11 Jan 4004
fi ¥ 4aa 14 Jan 1780 418 fi Jan 1784 VEEED 11 Jan 4004 ¥ 14 14 Feb 1/i84
10 2 4ao a Feb 4014 2ala 4 Feb 4014 2 4aa 10 Feb 4014 y 148 1& Jan 4001
11 VEED) 14 Feb 1inia y aoa 14 Feb 1ifa y 4aa fi Jan 400a y 148 a0 Jan 1Aff
14 y daa a Feb 1Al y a0a a Jan 1iida y 44a 14 Jan 1iid0 y 148 al Jan 1idze
1a 2 444 11 Feb 4014 2 401 11 Feb 4014 y 4da &Jan 1iida y lace 44 Jan 4000
1a y ala aJan 1Aha 2 &no 10 Feb 4014 y dal 1a Feb 1ifa y lase 1 Feb 1Afl
14 y ala 2 Jan 1ida 2 ana a Feb aola y 4al e Jan 1iida y 144 a0 Jan 1idze

®Days of 4014 are highlighted in bold.

positions of long-term ranking. In contrast, althou@B is largest heat loss in the Gulf of Triest8tfavisi and Cris-
often lower than the mean, it remains above the lower limitiani, 1fida ; Supigand Orlig, 1Aff].
(Figure 8d) and no days of the 4014 event appear in Table &.[as] We ¢nd that the event in December 1fida to January
[as] Daily wind speed, air temperature, sea-air temperdfida turns out to be the second most severe event after
ture difference, and near-surface sea temperature are c@oia in terms of heat £uxes. A few CTD pro¢les (retrieved
pared with climatological means and extremes in Figurem 1& March 4014 from the Coriolis data base at www.cor-
oe”oh. Recall that those atmospheric parameters aodis.eu.org) were collected in the Gulf of Trieste on e Feb-
observed at ISMAR building. Also, these parameters erdary 1fidd, which is, unfortunately, more than & weeks
hibit a signi¢cant departure from the means, particularlgfter the end of the event. No other measurements are avail-
wind speed which is higher than the climatological maxiable for winter 1fida. In the deepest area of the gulf bottom
mum during almost the entire event. Air temperature artémperature was between g.fi and®@.and salinity was
sea-air temperature difference are close to and sometinées.a"aze.4, resulting i between af.a and an.a kg’
exceed the lower and higher climatological limits, resped@ccording to the & m sea temperature near Molo Bandiera,
tively. Despite being higher than the mean at the beginnirige minimum temperature was recorded on lae January at
of the event, sea temperature reaches values close to the&lé C, then the temperature increased to 8.@&n 8 Febru-
matological minima at the beginning of February and goesy and decreased to a@ on 40 February; therefore, the
below the absolute minimum observed over 1fized”a011 tynditions observed on a February seem to be representa-
the end of the Bora event. tive of a water mass that partly replaced the dense water
[a8] A remarkable result is obtained by taking intoproduced in the ¢rst half of January.
account average heat £ux components over 1& days whicliad] As was noted in section 1, dense water formation is
is the duration of the 4014 Bora episode. Table & shovascommon process in the Gulf of Trieste. Its extent is con-
that Qu, Qg, and Qu in aola represent the absolutenected with atmospheric forcing, which determines the
extremes that are much larger (in absolute value) than amount of newly formed water mass and its density excess
the event of December 1Ada to January 1Ada. Again, arnth respect to the previous, unperturbed conditions. To
exception iNg. study the connection between heat £uxes and density varia-
[as} From Tables & and & it can be seen that large hetivns, we compare total surface heat £ux@j 4nd density
losses in winter mostly occur in the ¢rst half of January anahomaly changes) ;). The analysis involves the 1[fa»
are uncommon in February (i.e., only in 1AA1, 1AA&, arbla period, which is covered by the “GoT 1lifnaraola”
a0l4a). The reason is that early January sometimes exhikista set (see section a.a.1). The frequency of the oceano-
autumn-like conditions that as mentioned earlier, favor thgraphic surveys limits our analysis to a monthly time scale.

Table &. List of the Top Three 1& day Mean Proxy Heat Flux Components in the Winters From 1fieedo 4014

Qu (W m’9 Qe (Wm’?) Qu (Wm¥9) Qs (Wm'?)
Date Date Date Date
1 24ala a Feb aola 2 4ao d Feb aola 2 1leed a Feb aola y1llee 48 Jan 1Af1
a y aaa a Jan 1fioa y aol a Jan 1fioa y laee a Jan 1hda y11a a Jan 1fno
a y 4da 4 Jan 1ina y 144 4 Jan aoof y 80 & Jan aoori y 113 46 Jan 1Afl

“Dates indicate the central day of the period; days of 4014 are highlighted in bold.

addee
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D , represents the difference of monthly measin two Table z.Linear Regression Analysis of Monthly Density Anom-
consecutive months, namely,s(February)y s(January) aly Changesd ) and Total Heat FluxesQ)®

or s(March)y (February), obtained from all observa-___ - PR

tions at depths greater than & m: thus, two values are °" alkgm'™ b (kg "W m”®) P
available for each year. The error og is represented by 1fif&"a011 §0.44106 0.408f  § 0.00406 0.001A  o.ee 1¢2

the standard deviation of the data sample used for its calciii&"aola §o0.1eead 0.4348  §0.00a% 0.004a 14 10'°
lation; the er_rors on the relevang Value_s are then propa- - aj s the intercepth is the slope, ang represents the probability that
gated to estlmaf[e the error db ,. Daily Q values are the linear relationship occurs by chance and measures the ¢t quality.
obtained by adding prox@®y and solar heat £uQs com-

puted from observations according to equation (Aa);

monthly meanQ values are then obtained from the dailyyng, we can obtain a useful, although crude, estimate of the
values in t_he periods 1a January to 1a Feb(uary and 1a F%hsity anomaly change as a function of heat £uxes. We
ruary to 1a March. The errors oQ are obtained from the ¢nq that a 1 W i total heat loss causes a density increase
errors on each component as explained in Appendix B. gf approximately (% &) 192 kg m & This ¢qure is

[ag] Our analysis is limited to the cases whBn,> 0, sjte-specitc, but the concept seems applicable to other

that is, denser water has been formed. From January to FeBmienclosed water bodies similar to the Gulf of Trieste.
ruary this condition occurred every year except in 1fifiee,

1Afd, ad01, 4004, and 400A, while from February to Marc# .

it was observed only in 1Afa, 4001, 4004, and ao11,  conclusions

turns out that 1& cases satisfy this criterion; they are shown[as This study of the air-sea interactions during winter

in Figure fi. Under the hypothesis of a linear relationshi@d1a reveals that the Bora event from 48 January to 14

betweerD 5andQ February can be considered as an extreme event over the
course of several decades in terms of both surface heat

D,  at bQ .at £uxes and ocean properties, particularly temperature and

density. The most signi¢cant feature is the persistence of

regression provides the results summarized in Table ze. Bng wind which caused extensive evaporation and
analysis was performed using the Fortran seae programsaused the temperature to drop to values observed only in

Press et al[1{iid]. February 1iafn, and which created a density even higher
[a1] First, we notice that the two linear models, with andhan in that month.

without 4014, are consistent with each other, which means[ag] It is interesting to note that although the two events

that within a one standard deviation con¢dence lirbit, mentioned earlier are characterized by similar ocean prop-

in the extreme case of 4014 can be estimated from tkgties, the atmospheric conditions are quite different during

model parameters estimated from the “normal" cases. Sdébe two winters. In fact, the whole winter of 1fiaf, from the
end of December 1fiad, was much colder and more windy
than normal; by contrast, air temperature in adla was
below normal only during the Bora event, but still much
higher than in February 1faf by aboutCion average and
up to 8 C on a daily basis. This suggests that the combina-
tion of all the relevant atmospheric and marine parameters
must be taken into account to explain the effects of the
atmospheric forcing on the water column, while the varia-
tions of individual parameters, although useful as indicators
of the season's severity, may not be suf¢cient.

[aa] We studied the connection between heat £uxes and
density anomaly variations, particularly when the latter are
positive, that is, denser water is formed. The analysis illus-
trated in Figure fi and Table ae reveals that although the
dense water formation in winter adla represents an
extreme situation, the magnitude of the observed density
change is consistent with the estimate obtained from data
from previous winters.

[ag] In the comparison with past events a limit to our
analysis is the relatively small amount of data that can be
used. There are fewer than &0 years of monthly surveys in
the gulf and only & years of proxy heat £uxes. As a conse-

Figure A. Comparison of mean monthly density anomalyjuence, we cannot make a thorough comparison here with
variations D ;) and mean monthly total heat £uxe®)( other known past severe Bora episodes as, for instance, that
from 1Afa to 4014. Error bars on both variables are showwhich occurred in February 1fiad, quoted Mihanovie

The 40la data are indicated by the black dot. The solet al. [4014]. The reconstruction of longer homogeneous
lines represent the linear ¢t for 1Afida~"a011 and related otiene series of meteorological and marine data is required to
standard deviation con¢dence limits. The dashed line repovide more information on this aspect. However, in the

~~ 0

sents the 1ifia”aola linear ¢t. context of “present" climate, the January*February aola

aadao
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event represents an extreme situation from the viewpoint where
dense water formation in the Adriatic, which is also cer-
tainly relevant also for the Mediterranean itself.

rw” 0:01Uesq. T, 845" AdT
Appendix A: Bulk Formulas is the mixing ratio. The turbulent exchange coef¢cients

[as] The total heat £ux from the atmosphere to the §ea End Ce are computed according tondo[1fieed]. They can
can be expressed as e written as

N qa 2ayaed, .
Q" Qst Qet Qui Qe A1t cy " La 109°S ARt

where Qs is the net shortwave radiation £ux reaching the ce” 1a 10 é‘fysp .Alot
sea surfaceQg is the net longwave radiation £ux, arl

andQg are the sensible and latent heat £uxes, respectivei,yheresp is the stability parameter de¢ned as
The positive sign indicates heat £ux from the atmosphere

to the sea. S 39 AL1T
[add The shortwave radiation £u®s can be written as jst 001
Q" Q.1y gt Wit
s” Ty TaW2 Alat

whereQ), is directly measured near the sea surface aisl ) o
the ocean surface albedo, which depends on atmospheritil The expressions fd(S;) are the following:
transmittance and Sun altitude. As a basis, we use monthly y;

climatological values at noon obtained as averages of thoséyS = 0 y for§ y aa
proposed byPayne[lfized] for the North Atlantic at a8l fiS = 01F 0085 1 ofiexp’ &S, fory &a< § <o
and a0N, where the dependence on atmospheric transmitf’S, ~ Lot 0:4a5™ forg o

tance is averaged out. Alat

[a5] The longwave radiation £uxQg is computed by
means of Berliand's formuleSimpson and Paulsofifieefi]  [41] The latent heat of vaporization is computed as in
) Gill [1734]:

Qs y " T2 vafy o0sel® yly 06C* + & TATY Ta

Adt L.T T &4008 10%y aa 1°.Ty asedla t Alat

WA ... . o Which allows us to estimate the evaporation rates
where" "~ 0.fee is the ocean longwave emissivity, 4.ase

19 W m¥ 2 kY4 is the Stefan”Boltzmann constartt, E~ Qg=L.Ts 1 Alat
is the sea temperaturé, is the air temperature, and is
the fractional cloud coverg, is the atmospheric vapor ) .
pressure, which can be expressed in terms of the saturatf@pPendix B: Heat Flux Error Estimates

vapor pressuresg:and the relative humidity) as [aa] In order to estimate the errors on the heat £uxes, the
procedure described irtegiani et al [1Afae] is here sum-
€ 0:01Uesa.Ta T A&t marized. LetQ be a heat £ux component, a function rof
parameters with mean valugg (k™ 1, ..., n) (the hourly

relative hourly errors) (see section a.4). We ¢rst calculate
QY mMCHCwW.Tsy Ta T Aat  the “central" valueQ using x, thenn valuesQ/ using
XY "k o X1y ) and n values Q¢ using xct "y or
Qe Y L.Ts fyCeWdar Ts Ti0:01Uess. T 0Ha&)t A&t X(1% ). The error on the heat £ux component produced
by the error on parametéris given by
where \, is the density of moist airg, andcg are the tur- y
bulent exchange coef¢cient§,” 1.008 1'% J kg'* kT 1QY QffiQy Qj = B1t
K¥ 1 is the specitc heat capacity at constant pressure,
the wind speedTs is the sea temperaturg, is the air tem-  [44] The overall errorE on Q is then estimated by com-
perature,L(T) is the latent heat of vaporizatiogso(T) is  pining , quadratically:
the saturation vapor pressurg, is the relative humidity,
andp, is the atmospheric pressure. The number 0.344 rep- 1 X
resents the ratio between the gas constants for drjrair E” n
and water vapoR,. The density of moist air is given by

ok .Bat
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