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[1] From late January to mid-February áò1á 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 as ã� C were observed in the deepest part of the gulf, similar to
that which was observed in winter 1ñáñ, which was probably the most severe winter in the
region over more than a century. The density anomaly attained values up to âò.äð kg mÿ â,
even greater than in 1ñáñ. Surface heat £uxes were estimated using bulk formulas and the
meteorological and marine observations available at three stations. Mean daily heat losses
exceeded 1òòò W mÿ á. A comparison of this event with similar past events was made using
proxy heat £uxes, available since 1ñæð, to account for the air-sea interactions and using
temperature and salinity observations, performed since 1ññå, to account for the effect of
heat £uxes on ocean properties. The áò1á Bora episode turned out to be the most severe
event of this kind in the Gulf of Trieste for at least the last âä years and is comparable to
that which occurred in 1ñáñ. 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 áò m.
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1. Introduction

[á] The Gulf of Trieste represents the northernmost point
of the Adriatic Sea and is approximately delimited by a line
connecting the towns of Grado and Piran (Figure 1). It is a
relatively small gulf of about áò� áä kmá with a maxi-
mum depth of áä m.

[â] As the basin is shallow and semienclosed, the effect
of meteorology on the water body is remarkable, determin-
ing a large variability in temperature, salinity, and therefore
density. On synoptic time scales the area is often subject to
bursts of the katabatic northeasterly to easterly wind blow-
ing from the Karst Plateau, named Bora in Italian and burja
in Slovenian, which causes coastal upwelling [e.g.,Cris-
ciani and Raicich, áòòã;Crise et al., áòòå] and intense air-
sea heat £uxes [Stravisi and Crisciani, 1ñðå;Picco, 1ññ1;

Supicèand Orlicè, 1ñññ;Mala�ci�c and Petelin, áòò1]. Ocean
properties exhibit marked seasonal variability. At the sur-
face the mean sea temperature for 1ññ1^áòòâ varies from
ñ� C in February to áä� C in July and practical salinity from
ââ in June to âæ in February; at 1ò m depth the temperature
range is between ñ� C in February and áá� C in July^August,
while salinity varies between âæ and âð in all months,
being generally higher in winter [Mala�ci�c et al., áòòå].
Large interannual and interdecadal near-surface sea tem-
perature variability is also observed in correlation with that
of air temperature [Raicich and Crisciani, 1ñññ]. Climato-
logical annual precipitation amounts to approximately
1òòò mm (1òãâ mm fromStravisi and Crisciani[1ñðå];
ñæâ mm from 1ñð1 to áò1ò data, available from the CNR-
ISMAR archives), with the minimum in January^February
and the maximum in November. The mean river discharge
rate into the gulf is estimated to be 11ã mâ sÿ 1 over 1ññð^
áòòð, due mainly to the Isonzo and Timavo rivers [Cozzi
et al., áò1á].

[ã] The Gulf of Trieste is recognized as a site of shelf
dense water formation that contributes to the North Adri-
atic Deep Water [Mala�ci�c and Petelin, áòò1], which then
£ows cyclonically along the western Adriatic coast and
eventually contributes to the Adriatic Deep Water exiting
the basin through the Otranto Strait. The process is typical
of the winter season, and it is a result of a negative buoy-
ancy £ux mainly induced by heat £uxes at the air-sea inter-
face caused by Bora, which drives relatively cold and dry
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air onto the gulf. Relatively low precipitation and river run-
off may determine relatively high salinity, thus precondi-
tioning the water mass. Note that on average, the negative
buoyancy £ux component due to surface heat loss is largest
in autumn, but only in January and February does it prevail
over the positive component related to the fresh water
in£ow from the atmosphere and rivers [Stravisi and Cris-
ciani, 1ñðå].

[ä] From the end of January to mid-February áò1á a
strong and persisting Bora wind affected the Adriatic Sea
area and particularly the Gulf of Trieste. Such long-lasting
and intense windy weather was the consequence of a per-
sistent atmospheric pressure gradient related to a stable
anticyclone extending from Russia westward over central
Europe and to generally cyclonic conditions over the Medi-
terranean Sea. According to Trieste precipitation records
(available from CNR-ISMAR archives), this event fol-
lowed a particularly dry previous quarter (November áò11
to January áò1á) with only â1% of the 1ñð1^áò1ò climato-
logical precipitation amount.

[å] Mihanovicèet al. [áò1â] studied the áò1á dense water
formation in the northern Adriatic shelf and how it has
affected the whole Adriatic basin. In this paper we focus on
the northernmost site of dense water formation, describing
the event and showing how far it was from `̀ normal'' winter
Bora events. We studied the problem in terms of heat
exchanges between sea and atmosphere, and the effect of the
event on water column properties, particularly temperature
and density. Our analysis will not deal with extreme heat
losses in general but only events occurring in winter, de¢ned
as January^March. In fact, the largest heat losses in the Gulf
of Trieste are observed in autumn, from late October to early
December, when frequent strong winds occur together with
large sea-air temperature differences [Stravisi and Crisciani,
1ñðå;Supicèand Orlicè, 1ñññ;Rinaldi, áòòå].

[æ] Data and methods will be presented in section á. Sec-
tion â summarizes the results, i.e., the discussion of the

áò1á event, its comparison with similar past events as well
as the climatology, and a statistical study of the relationship
between water density changes and surface heat losses.
Conclusions are drawn in section ã.

á. Data and Methods

á.1. Heat Flux Estimates
[ð] The total heat £ux at the air-sea interfaceQ is

expressed as the sum of the net shortwave radiation £ux at
the sea surfaceQS, the net longwave radiation £uxQB, the
sensible heat £uxQH, and the latent heat £uxQE (all £uxes
are positive downward). The heat £ux components are esti-
mated by means of the bulk formulas (in SI units) adopted
by Artegiani et al. [1ññæ] for the Adriatic Sea and outlined
in Appendix A. A comparison of different formulations is
beyond the scope of this paper; however, further details
can be found inCastellari et al. [1ññð].

á.á. Meteorological and Marine Data
á.á.1. Winter áò1á

[ñ] Three stations provide in situ hourly data for surface
heat £ux estimates, namely, Molo Bandiera, situated on an
external pier of Trieste harbor, the mast platform PAL-
OMA (Piattaforma Avanzata Laboratorio Oceanogra¢co
Mare Adriatico ^ Advanced Platform Oceanographic Labo-
ratory Adriatic Sea) located in the center of the Gulf of
Trieste, and Vida buoy, approximately á km off Piran (Fig-
ure 1). All stations are equipped with automatic instruments
for data acquisition, logging, and transmission. Molo Ban-
diera and PALOMA stations are jointly operated by ARPA
FVG and CNR-ISMAR; Vida buoy is operated by NIB-
MBS. Meteorological data are also available at the ISMAR
building located about äòò m from Molo Bandiera station.
Table 1 summarizes the stations' characteristics and the
availability of parameters. For the heat £ux estimates sea
temperatures at á or â m depths are selected to represent
near-surface values. The different depths are not considered
to be a critical factor since in typical winter conditions the
water column is vertically homogeneous. Solar radiation at
PALOMA is also used for Vida station where it is not
available. At Vida 1ò m wind speed (U1ò) is estimated
from the ä m data according to the power-law relation

U1ò ˆ Uh
1ò
h

� � ò:1â

…1†

where hˆ ä m [World Meteorological Organization,
1ñðâ]. As the pressure ¢eld exhibits large spatial coherency
compared to the size of the Gulf of Trieste, ISMAR build-
ing atmospheric pressure (reduced to ò� C and mean sea
level) is adopted to represent the whole Gulf of Trieste
because it is checked every week against indoor mercury
barometers. Fractional cloud cover is not observed locally
and is taken from the European Centre for Medium-Range
Weather Forecasts (ECMWF, MARS archive at http://
www.ecmwf.int/) ; data are available at òò, òå, 1á, and 1ð h
UTC, and each are used to represent a time window from
â.ä h before to á.ä h after the relevant time.

[1ò] Additional data come from two CTD (conductivity-
temperature-depth) surveys performed in the Gulf of
Trieste on 1æ January and 1ã^1å February áò1á, which

Figure 1. Map of the Gulf of Trieste. The inset shows its
position in the Adriatic region. Black dots indicate the sta-
tions whose data are analyzed here. The positions of the
casts cited in the text are shown by white diamonds (sur-
veys in January and February áò1á) and grey squares (sur-
veys inVatova[1ñâã]).
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provide descriptions of the area before and after the event.
These data belong to an oceanographic data set for the Gulf
of Trieste consisting of observations performed since 1ññä
by ARPA FVG, NIB-MBS, and the Istituto Nazionale di
Oceanogra¢a e Geo¢sica (INOGS) during institutional
monitoring of the regional coastal waters. The data set can
be retrieved from http://msòålxarpa.arpa.fvg.it/mnt/stor-
age/crma/GoT-áò1á and in the following, will be referred
to as `̀ GoT 1ññä^áò1á.''

[11] The heat £ux estimates are affected by several sour-
ces of uncertainty. We can distinguish random, systematic,
and environmental data errors. The random error is associ-
ated with instrumental sampling and is expected to be
extremely small since each hourly value is the mean of
thousands of individual measurements. The systematic
error is related to instrumental drifts or failures (the use of
data from different instruments may fall into this category).
In our case, instruments are routinely calibrated, and when
possible, further checks were made after the event. This
does not apply to cloud cover which is a model product.
The environmental error is white noise related to small-
scale £uctuations that cause each measurement to be less
accurate in representing the environment than would be
expected on the basis of the instrumental errors only. In
general, it is reasonable to assume that the environmental
error prevails over the other error sources. The error on
hourly data is here estimated as the standard deviation of
the residual £uctuations obtained after removing the daily
cycle (time scales longer than å h) from the original time
series. Since we are interested in the January^February
áò1á event, we take into account only the time series from
January to March áò1á, which includes the conditions
before and after the event. As a result, for all stations we
adopt absolute environmental errors" of ò.â� C for air tem-
peratureTa, ò.1� C for near-surface sea temperatureTs, â%
for relative humidityU, ò.â hPa for atmospheric pressure
pa, and ò.1 for fractional cloud coverC. A relative environ-
mental error� of 1á% is adopted for wind speedw. An
exception is the solar radiation £uxQI, for which a ä%
error is adopted, corresponding to the measurement accu-
racy. Details on the heat £ux error estimates are included in
Appendix B. Note that we do not take into account differ-
ent bulk formulations, and so this additional source of
uncertainty is disregarded.

á.á.á. Multidecadal Time Series
[1á] In order to assess the severity of the áò1á event, the

heat £uxes of that year should be compared with long-term
climatologies and similar previous events. Strictly speak-
ing, such comparisons can only be made if homogeneous
time series of meteorological and marine data are available,
which in our case, is true only for relatively short periods,
speci¢cally 1ñ years for Molo Bandiera station, 1ò years
for PALOMA, and 1ò years for Vida, all of which, more-
over, are affected by gaps.

[1â] A way to overcome this limitation is to produce
multidecadal time series of proxy heat £uxes from which a
climatology can then be derived. We take advantage of the
meteorological observations performed at the ISMAR
building station and the near-sea surface temperature time
series collected in Trieste harbor.

[1ã] Air temperature, atmospheric pressure, relative hu-
midity, and wind speed have also been measured at the
ISMAR building station since summer 1ñäò. Unfortu-
nately, wind data are homogeneous only since summer
1ñææ because of an anemometer change. Despite the short
distance between the ISMAR building and Molo Bandiera
the meteorological parameters at the two sites exhibit sig-
ni¢cant differences in terms of means and daily cycles
because of different exposures to wind and the Sun; the
ISMAR building is, in fact, partly shielded from Bora by a
nearby hill. A comparison made for the 1 January to â1
March áò1á period shows that air temperature at Molo
Bandiera is higher than at the ISMAR building by ò.ä� C
and scalar wind speed is higher by ãä%. The same compar-
ison for the áð January to 1á February event gives ò.å� C
and äã%, respectively. Relative humidity is much more dif-
¢cult to compare because it is measured in a meteorological
hut at the ISMAR building and in the open air at Molo Ban-
diera, and moreover, the two sites are characterized by dif-
ferent ground surface types, i.e., grass and gravel at the
ISMAR building and concrete at Molo Bandiera. In Janu-
ary^March áò1á relative humidity is the same (at the unit
percent precision) at the two stations, while during the
Bora event it is higher at Molo Bandiera by ñ%.

[1ä] A continuous near-surface sea temperature time se-
ries is available for Trieste harbor, consisting of one daily
measurement performed from 1ñãä to áòòâ with bucket
thermometers at about noon at á m depth (available from

Table 1. Stations Providing Meteorological and Marine Observationsa

Molo Bandiera PALOMA Vida ISMAR Building

Latitude (� N) ãä.åä1 ãä.å1ð ãä.äãñ ãä.åãã
Longitude (� E) 1â.æäâ 1â.äåä 1â.ää1 1â.æäã
Meteorological instruments heights (m)

Atmospheric pressure 1ò 1ò ^ 11
Air temperature 1ò 1ò ä 11
Relative humidity 1ò 1ò ä 11
Scalar wind speed 1ò 1ò ä ãä
Solar radiation 1ò 1ò ^ ^

Sea temperature probes depths (m) ò.ã, á, å â, 1ä, áã â n.a.
Sea£oor depth (m) å áä áá n.a.

aA dash indicates that data are not available; n.a., not applicable.
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CNR-ISMAR archives). The measurements have always
been made within a few hundred meters of Molo Bandiera
station, where sea temperature probes have been in opera-
tion since 1ñññ. Data for January^March from both sources
have been compared for the common period 1ñññ^áòòâ,
obtaining a mean difference of ò.òå6 ò.1å� C (bucket ther-
mometer data are higher) and a maximum absolute differ-
ence of ò.æ� C. Therefore, the composite series obtained by
merging these two time series can be considered homoge-
neous for our purposes.

[1å] Solar radiation data are not available; therefore,QS
andQ will not be estimated. Thus, we obtain the time series
of proxy dailyQE, QH, andQB for the winters from 1ñæð to
áò1á, as well as the upward heat £uxQU ˆ QB ‡ QH ‡ QE.
The 1ñæð^áò11 means will be used as the reference
climatology.

â. Results

â.1. The Extreme Bora Event in áò1á
[1æ] The time series of meteorological and marine data

for the three stations are displayed in Figure á. The event

of severe winter weather from áð January to 1á February is
characterized by a persistent strong northeasterly wind and
relatively dry and cold air. Hourly mean wind speed is of-
ten greater than áò m sÿ 1 with peaks on 1, â, æ, and 1ò^11
February (Figure áb). It is apparent that the event consists
of two phases, the ¢rst showing high spatial coherence of
the wind ¢eld at the three stations while from å February
onward differences appear between Molo Bandiera, on the
eastern coast, and the two offshore stations PALOMA and
Vida. In this second phase a general wind speed decrease is
observed from æ to ñ February when it falls below 1ò m
sÿ 1, followed by a rapid increase and another peak on 1ò^
11 February. Moreover, wind at Molo Bandiera exhibits
more marked £uctuations than at the offshore stations
because of the high turbulence induced by the vicinity to
the coast and the Karst Plateau. The sudden wind speed
drop on 1á February marks the end of the episode. During
the entire event relative humidity is around äò% except in
the interval of relatively low wind speed on ð^ñ February,
when it drops to âò% at Vida and less than áò% at PAL-
OMA and Molo Bandiera (Figure ác). Air temperature
exhibits a general decrease at all stations (Molo Bandiera is

Figure á. Average daily data of meteorological and marine parameters from 1å January to áñ February
áò1á at Molo Bandiera (black dots), PALOMA (white diamonds), and Vida stations (X). (a) Fractional
cloud coverC (from ECMWF), (b) scalar wind speedw, (c) relative humidityU, (d) atmospheric pres-
surepa (white circles, from the ISMAR building), (e) air temperatureTa, and (f) near-surface sea temper-
atureTs.
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slightly colder because of its coastal position) until â Feb-
ruary, then we observe a steady phase lasting â days, an
increase between å and ñ February from approximatelyÿ â
to ‡ á� C, and another sharp cooling down toÿ â� C on 11
February. The last two £uctuations correspond to the wind
weakening and the subsequent abrupt strengthening (Figure
áe). Air temperature always remains below the freezing
point between á and å February and between 1ò and 1á
February. Besides a marked general cooling, the near-
surface sea temperature behaves differently at the three sta-
tions. At Molo Bandiera the very shallow water column is
more sensitive to atmospheric forcing changes and exhibits
a slight warming when wind speed decreases, while at
PALOMA sea temperature decreases throughout the event,
more slowly until ã February and more rapidly afterward
(Figure áf). At Vida the behavior is similar to PALOMA
except that after ð February, during the last phase of the
event, no further cooling is observed. The warming on ñ^
1á February is likely related to the advection of warmer
waters, but there is a lack of data to con¢rm this statement.
Nonetheless, acoustic Doppler current pro¢ler data meas-
ured below Vida clearly show that around 11 February, a
northward current extends from ã m depth to the sea£oor
and may bring warmer waters from the south. By contrast,
the lowest temperatures at PALOMA and Molo Bandiera
between ã and ä� C are observed at the end of the event
when a local temperature maximum of about æ.ä� C is
reached at Vida.

[1ð] The water column properties of the gulf are affected
to a large extent by the Bora event. Figure â shows temper-
ature, salinity, and potential density anomaly (� ò) pro¢les
collected on 1æ January, before the event, and 1ã February,
after the event, at station Päää, adjacent to PALOMA (Fig-
ure 1); temperatures measured on the same days at PAL-

OMA at â, 1ä, and áã m depths are consistent with the
pro¢le data (Figure â). As a result of the Bora event, the av-
erage temperature of the surface layer (1^ä m depth)
decreases from 1ò.ðñ to ä.æå� C, salinity increases from
âð.òä to âð.ãâ, and� ò increases from áñ.1æ to âò.âò kg
mÿ â; in the bottom layer (áò^áã m) average temperature
decreases from 1ò.åå to ã.â1� C, salinity increases from
âð.òñ to âð.ä1, and� ò increases from áñ.áä to âò.äã kg
mÿ â.

[1ñ] 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 1ò 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
segment in Figure 1, obtained from a spatial objective anal-
ysis of the pro¢les measured during the survey performed
on 1ã February (Figure ã). On the northern slope� ò
exceeds âò.ã kg mÿ â (Figure ãa), and temperature is lower
than ä� C, reaching even â.ð� C in the shallowest area (Fig-
ure ãb). The cold water mass remains in the deep gulf from
1â to áò February, exhibiting a slight warming trend, while
near the surface the water column becomes warmer by
about 1.ä� C (Figure ä). Another windy period on áò^áâ
February destroys the vertical strati¢cation. The average
vertical temperature, computed from the observations at â,
1ä, and áã m, exhibits a slight increasing trend after 1â
February, consistent with that of the bottom layer tempera-
ture, and no abrupt change is observed when wind starts

Figure â. Pro¢les of (a) temperature, (b) salinity, and (c)
potential density anomaly� ò at station Päää before (dotted
lines) and after (solid lines) the Bora event. Symbols in
Figure âa represent temperature measurements at PAL-
OMA station; the horizontal bars indicate the temperature
range of hourly measurements on the relevant day.

Figure ã. Meridional cross sections of (a) potential den-
sity anomaly and (b) temperature from data observed on 1ã
February áò1á along the dashed segment in Figure 1.
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blowing on áò February (not shown). This means that in
the area near PALOMA on that day, wind mainly induced a
vertical heat redistribution by convection and forced verti-
cal mixing, rather than the advection of warmer waters.

[áò] At 1ä m depth, temperature exhibits £uctuations
with the inertial period of 1å.æ h (not shown), and an ampli-
tude around ò.á� C, as revealed by Fourier analysis. This
phenomenon deserves further attention.

[á1] Table á summarizes hourly and daily means and
extremes observed at the three stations during the Bora
event for the variables that are most relevant to heat £ux
estimates, namely, air temperature, sea temperature, sea-air
temperature difference, and scalar wind speed. The time se-
ries of mean daily heat £ux components and totals are dis-
played in Figure å. The event is characterized essentially
by large sensible and latent heat £uxes, which affect the
upward heat £uxQU (sum ofQB, QH, andQE) and the net
heat £uxQ. Means and extremes of the heat £ux compo-
nents during the event are summarized in Table â. FromQE
we estimate mean evaporation rates (equation (A1ä)) of
1á.ð, 1â.â, and 1ã.ò mm dÿ 1 at Molo Bandiera, PALOMA

and Vida, respectively, corresponding to total evaporation
of áòä, á1â, and ááã mm throughout the Bora event.

[áá] An estimate of the density increase due to evapora-
tion helps in estimating the shares between the increase of
density due to cooling and that due to evaporation. Let us
take the PALOMA station estimate ofheˆ á1â mm for the
evaporation over the whole Bora event. During evaporation
the mass of salt inside the sea remains constant, which also
holds for the area around PALOMA. Since during the
windy conditions the water column is vertically homogene-
ous, the conservation of salt can be written as

SòH ˆ S H ÿ he… † …á†

whereSò andS are the salinities before and after the Bora
event, respectively, andH is the water depth (áä m at PAL-
OMA). From Figure âb the vertically averaged salinity
before the event isSò ˆ âð.òæ; therefore,

S ˆ Sò 1 ÿ
he

H

� � ÿ 1

ˆ 1:òòñSò ˆ âð:ãò …â†

which despite the simplicity of the approach, is quite con-
sistent with the vertically averaged salinity of âð.ãå
observed after the event (Figure âb).

[áâ] We may also reasonably approximate, in this sim-
plistic view, that relative density changes depend linearly
on salinity and temperature changes as

D� ò

� ò
ˆ ÿ � DT ‡ � DS …ã†

[áã] The ratio between� DT and � DS measures the im-
portance of density increase due to cooling with respect to
its increase by evaporation. Let us take for� (thermal
expansion coef¢cient) and� (saline contraction coef¢cient)
the values forTˆ æ.ñæ� C andSˆ âð.áä, which are the av-
erage temperature and salinity before and after the event
(Figures âa and âb):� ˆ 1.äã� 1òÿ ã� Cÿ 1 and� ˆ æ.åã�
1òÿ ã. Taking the observed mean changes of temperature
DTˆ ÿ ä.åò� C and salinityDSˆ ò.âñ, the computed rela-
tive density change is 1.1å kg mÿ â while from observation
it is 1.òñ kg mÿ â. The ratio� DT/� DSˆ á.ðñ, meaning that
the density increase due to forced cooling is almost three
times larger than that due to evaporation, which itself, is far
from being negligible.

Figure ä. PALOMA station hourly data from áð January
to áâ February áò1á. (a) Wind speedw and (b) sea temper-
atureTs at â m depth (thin line) and áã m depth (thick line).

Table á. Means and Daily and Hourly Extremes Recorded During the áð January to 1á February áò1á Period for Selected Parametersa

Site Data Type Ta (� C) (Minimum) Ts (� C) (Minimum) Tsÿ Ta (� C) (Maximum) w (m sÿ 1) (Maximum)

B Mean ÿ ò.ñ å.å æ.å 1å.1
Daily ÿ ã.1 â Feb ã.ò 1á Feb 1ò.ä â Feb áá.â 1ò Feb
Hourly ÿ ã.ð ã Feb (òä) â.ð 1á Feb (áò) 1ò.ñ â Feb (òæ) áæ.á 11 Feb (ò1)

P Mean ÿ ò.1 æ.â æ.ã 1å.ò
Daily ÿ â.ò â Feb ã.æ 1á Feb 11.ä â Feb áò.ñ â Feb
Hourly ÿ ã.1 å Feb (òæ) ã.â 1á Feb (òæ) 1á.ò â Feb (òñ) áâ.å ð Feb (òò)

V Mean ò.1 ð.ä ð.ã 1å.ò
Daily ÿ á.ð â Feb æ.á 1ò Feb 1á.á â Feb áò.ð â Feb
Hourly ÿ â.ä å Feb (òð) å.á æ Feb (1ä) 1á.ð â Feb (òä) áä.ñ æ Feb (1ñ)

aB, Molo Bandiera station; P, PALOMA station; V, Vida station. UTC hour in brackets.
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â.á. Comparison With Similar Previous Events
[áä] We compare the áò1á event with similar past epi-

sodes. The events are studied in terms of overall
atmosphere-sea interactions and their effects on the sea
water body, i.e., the surface heat £uxes and water column
properties, instead of looking at individual atmospheric and
marine parameters.

â.á.1. Surface Heat Fluxes
[áå] The persistent strong wind and low air and sea temper-

atures suggest that the heat £uxes in winter áò1á are remark-
able, but it is dif¢cult to ¢nd similar detailed analyses of heat
£uxes in the Gulf of Trieste in previous strong Bora events.

[áæ] As an example, we consider an event which
occurred in February áòòâ studied byDorman et al. [áòòå]

Figure å. Average daily heat £ux components and errors from 1å January to áñ February áò1á from
data at Molo Bandiera (black dots), PALOMA (white diamonds), and Vida stations (X). (a) Solar heat
£ux QS, (b) total heat £uxQ, (c) net upward heat £uxQU, (d) latent heat £uxQE, (e) sensible heat £ux
QH, and (f) net longwave heat £uxQB.

Table â. Means and Daily Extremes During the áð January to 1á February áò1á Period for Heat Flux Componentsa

Site Data type Q (W mÿ á) QU (W mÿ á) QS (W mÿ á) QE (W mÿ á) QH (W mÿ á) QB (W mÿ á)

B Mean ÿ å1ò ÿ åæð åð ÿ âåå ÿ áâð ÿ æã
Extreme ÿ ñòä ÿ ñæå 1òã ÿ ãðâ ÿ ãòá ÿ 1âã
Date â Feb â Feb ä Feb â Feb â Feb ä Feb

P Mean ÿ åòã ÿ åðá æð ÿ âðá ÿ ááñ ÿ æ1
Extreme ÿ 1òâá ÿ 11áå 1áä ÿ äðä ÿ ãäò ÿ 1áñ
Date â Feb â Feb 1á Feb â Feb â Feb ä Feb

V Mean ÿ ååá ÿ æãò æð ÿ ãòá ÿ áåâ ÿ æå
Extreme ÿ 1òåå ÿ 11å1 1áä ÿ äñ1 ÿ ãæå ÿ 1âã
Date â Feb â Feb 1á Feb â Feb â Feb ä Feb

aB, Molo Bandiera station; P, PALOMA station; V, Vida station.
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from open sea observations and the Coupled Ocean/Atmos-
phere Mesoscale Prediction System (COAMPS) data that
cover the northern and central Adriatic. Unfortunately, a
comparison for the Gulf of Trieste is not possible from
direct observations because the area is only covered by
COAMPS data [Dorman et al., áòòå, Figure 1ä]. The
authors report a mean February total heat £uxQ between
ÿ âòò andÿ ãòò W mÿ á which when also considering that
different formulas were used for the heat budget estimate,
appears to be very different from the estimate ofÿ 1ãæ W
mÿ á made from observations at Molo Bandiera and the
bulk formulas used in this paper (Appendix A). A probable
reason for this discrepancy is that the sea-air temperature
difference from COAMPS is too large, speci¢cally about
ð� C [Dorman et al., áòòå, Figure â], while we ¢nd only
á.ä� C. In general, as the authors state, COAMPS overesti-
mates heat losses at coastal and near-coastal stations and
underestimate them in the middle of the northern Adriatic
basin.

[áð] Mean heat £ux estimates for February áòòâ are also
available fromRinaldi [áòòå], who used the meteorological
data from the ECMWF. As a result (Q, QS, QE, QH,
QB) ˆ (ÿ 1ñð, 1òã,ÿ 1âò,ÿ åä, ÿ 1òæ) W mÿ á, to be com-
pared with our estimates of (ÿ 1ãæ, 1òæ,ÿ 1áä,ÿ ã1, ÿ ðñ)
W mÿ á, respectively. Differences can partly be explained
because of the use of ECMWF skin sea temperature instead
of near-sea surface temperature, which are essentially equal
only during a strong Bora, when the surface part of the
water column is vertically homogeneous.
â.á.á. Ocean Properties

[áñ] Figure æ shows average temperatures, salinities, and
� ò for depths greater than áò m, obtained during surveys
performed in January and February in the Gulf of Trieste
from 1ññå to áò1á and extracted from the `̀ GoT 1ññä^
áò1á'' data set; data for áò1á are highlighted by boxes.
The analysis is limited to the bottom waters since they
allow us to observe the air-sea interaction signal, by `̀ stor-
ing'' it much longer than the waters near the surface. In
January áò1á the deep water conditions were characterized
by Tˆ 1ò.ã1� C, Sˆ âæ.ðå, and� ò ˆ áñ.11 kg mÿ â, corre-
sponding to‡ ò.åå� C, ÿ ò.ò1 andÿ ò.1á kg mÿ â, relative to
the 1ññå^áò11 January averages, respectively, whereas in
FebruaryTˆ ã.ää� C, Sˆ âð.ãð, and� ò ˆ âò.ãñ kg mÿ â,
i.e., ÿ ã.òâ� C, ‡ ò.åò and‡ 1.òä kg mÿ â with respect to the
1ññå^áò11 February averages.

[âò] It turns out that since 1ññå temperature has never
been as low and� ò as high as in áò1á, and that such large
changes ofÿ ä.ðå� C in temperature and‡ 1.âð kg mÿ â in
� ò have never been observed in the deep part of the Gulf of
Trieste.

[â1] The period covered by the above-mentioned surveys
represents only the last 1å years, and it is therefore quite
short. According to the meteorological time series recorded
in the region, several severe winter weather events occurred
in the past, probably the most famous being in February
1ñáñ when extremely low air temperatures affected the
area, such asÿ 1ã� C in Trieste andÿ 1á� C in Rovinj, on
the west coast of the Istrian Peninsula [Vatova, 1ñâã].
Oceanographic data were collected in the northern Adriatic,
including the Gulf of Trieste, shortly after that event, and
this allows us to compare it with the event of áò1á on the
basis of water column properties. On 11^1á March 1ñáñ, 1

month after the cold spell climax and 1 week after another
Bora event, the Italian-German Institute for Marine Biol-
ogy of Rovinj carried out an oceanographic survey in
which the temperature was found to be as low as â.ñä� C at
áá m depth at station 1ð and ã.òò� C at á1.ä m at station 1å
(Figure 1) [Vatova, 1ñâã].

[âá] The values of temperature, salinity, and� ò found on
1ã^1å February áò1á, á days after the end of the event, at
stations Cá, Päää, and Zã, are compared in Table ã with
those observed in 1ñáñ at stations 1å and 1ð [Vatova,
1ñâã]. The comparison is made for stations in the deepest
part of the Gulf of Trieste, where bottom depth exceeds áò
m, and for the depths reported by Vatova. It must be
approached with caution since we do not know the per-
formance capability (calibration, accuracy) of the instru-
ments and analyses of 1ñáñ. For comparison with modern
data, the� ò values in Table ã have been recalculated from
Vatova's temperatures and salinities according to the
UNESCO International Equation of State (IES ðò), as
described inFofonoff [1ñðä], while the original values
reported inVatova[1ñâã] are higher by ò.ò1^ò.òâ kg mÿ â.
It turns out that temperature and salinity in áò1á are both
higher than in 1ñáñ and their combined effect on density
determines� ò values that are not very different in the two
events except at áá m where� ò is clearly higher in áò1á.
The maximum� ò was observed near the bottom (1ð m
depth) at station Bã (Figure 1) with âò.äð kg mÿ â, repre-
senting the highest value ever recorded in the Gulf of
Trieste. Continuous temperature observations made at
PALOMA, whose position almost coincides with station
Päää, show that at áã m depth water temperature reached

Figure æ. Average (a) temperatureT, (b) salinity S, and
(c) potential density anomaly� ò and respective errors for
the part of the Gulf of Trieste deeper than áò m in January
(white diamonds) and February (black dots) from 1ññå to
áò1á.
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the absolute minimum of â.ñâ� C on 1â February and a sec-
ondary minimum of â.ñå� C on 1ä February, which are very
similar to Vatova's observations off Koper.
â.á.â. Multidecadal and Climatological Analyses

[ââ] In order to check that heat £uxes at the two stations
vary coherently, we compared daily heat £uxes from Molo
Bandiera data and proxy heat £uxes from ISMAR building
data for January^March áò1á obtaining highly signi¢cant
linear correlation coef¢cients, i.e.,r ˆ ò.ññ forQU, r ˆ ò.ñð
for QE, r > ò.ññ for QH, and r ˆ ò.ñá for QB, all of them
being signi¢cant atp< ò.òò1. This result allows us to use

the heat £uxes estimated with ISMAR building data as
proxies for the purpose of comparison with events observed
in past winters, although we are aware that they do not rep-
resent the actual air-sea heat £uxes in the Gulf of Trieste.

[âã] Figures ða^ðd display the time series of proxy daily
QU, QE, QH, andQB in comparison with 1ñæð^áò11 clima-
tological daily means and extremes, and Table ä lists the
top 1ä daily heat £ux components in that period. During
most of the Bora eventQU, QE, andQH are close to or even
surpass the extreme values for each calendar day; more-
over, several days of the áò1á event appear in the highest

Table ã. Comparison of Sea Water Properties Observed in the Gulf of Trieste in 1ñáñ and áò1áa

Depth (m)

T (� C) S � ò (kg mÿ â)

1ñáñ áò1á 1ñáñ áò1á 1ñáñ áò1á

ò.ä ä.òä^ä.1ã ä.ðá^å.1ã âä.âá^âð.òâ âð.áá^âð.ãá áæ.ñá^âò.òå âò.òð^âò.áð
ä ä.òò^ä.1ò ä.æò^å.òñ âæ.ñæ^âð.òã âð.áá^âð.ãã âò.òâ^âò.òð âò.òñ^âò.â1
1ä â.ñð^ã.òò ä.áä^ä.âæ âð.1ä âð.ââ^âð.ã1 âò.áñ^âò.âò âò.áæ^âò.âä
áá â.ñä^ã.òò ã.1æ^ã.ãð âð.1ä^âð.1æ âð.ãå^âð.ä1 âò.âò^âò.â1 âò.äò^âò.ää

aColumns report minimum and maximum values observed at stations representative of the deepest part of the gulf. The� ò values for 1ñáñ have been
recalculated (see text).

Figure ð. Comparison of daily proxy heat £ux components, and average daily parameters used for
their estimate, from 1å January to áñ February áò1á (thick solid lines) with 1ñæð^áò11 climatological
means (thin solid lines) and extremes (dashed lines). (a) Net upward heat £uxQU, (b) latent heat £ux
QE, (c) sensible heat £uxQH, (d) net longwave heat £uxQB, (e) scalar wind speedw, (f) air temperature
Ta, (g) difference between sea and air temperaturesTsÿ Ta, and (h) sea temperatureTs.
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positions of long-term ranking. In contrast, althoughQB is
often lower than the mean, it remains above the lower limit
(Figure ðd) and no days of the áò1á event appear in Table ä.

[âä] Daily wind speed, air temperature, sea-air tempera-
ture difference, and near-surface sea temperature are com-
pared with climatological means and extremes in Figures
ðe^ðh. Recall that those atmospheric parameters are
observed at ISMAR building. Also, these parameters ex-
hibit a signi¢cant departure from the means, particularly
wind speed which is higher than the climatological maxi-
mum during almost the entire event. Air temperature and
sea-air temperature difference are close to and sometimes
exceed the lower and higher climatological limits, respec-
tively. Despite being higher than the mean at the beginning
of the event, sea temperature reaches values close to the cli-
matological minima at the beginning of February and goes
below the absolute minimum observed over 1ñæð^áò11 by
the end of the Bora event.

[âå] A remarkable result is obtained by taking into
account average heat £ux components over 1å days which
is the duration of the áò1á Bora episode. Table å shows
that QU, QE, and QH in áò1á represent the absolute
extremes that are much larger (in absolute value) than in
the event of December 1ñðã to January 1ñðä. Again, an
exception isQB.

[âæ] From Tables ä and å it can be seen that large heat
losses in winter mostly occur in the ¢rst half of January and
are uncommon in February (i.e., only in 1ññ1, 1ññã, and
áò1á). The reason is that early January sometimes exhibits
autumn-like conditions that as mentioned earlier, favor the

largest heat loss in the Gulf of Trieste [Stravisi and Cris-
ciani, 1ñðå;Supicèand Orlicè, 1ñññ].

[âð] We ¢nd that the event in December 1ñðã to January
1ñðä turns out to be the second most severe event after
áò1á in terms of heat £uxes. A few CTD pro¢les (retrieved
on 1ã March áò1â from the Coriolis data base at www.cor-
iolis.eu.org) were collected in the Gulf of Trieste on æ Feb-
ruary 1ñðä, which is, unfortunately, more than â weeks
after the end of the event. No other measurements are avail-
able for winter 1ñðä. In the deepest area of the gulf bottom
temperature was between æ.ñ and ð.å� C and salinity was
âæ.ã^âæ.ä, resulting in� ò between áñ.â and áñ.ã kg mÿ â.
According to the á m sea temperature near Molo Bandiera,
the minimum temperature was recorded on 1æ January at
ä.å� C, then the temperature increased to ð.á� C on ð Febru-
ary and decreased to å.â� C on áò February; therefore, the
conditions observed on æ February seem to be representa-
tive of a water mass that partly replaced the dense water
produced in the ¢rst half of January.

[âñ] As was noted in section 1, dense water formation is
a common process in the Gulf of Trieste. Its extent is con-
nected with atmospheric forcing, which determines the
amount of newly formed water mass and its density excess
with respect to the previous, unperturbed conditions. To
study the connection between heat £uxes and density varia-
tions, we compare total surface heat £uxes (Q) and density
anomaly changes (D� ò). The analysis involves the 1ññå^
áò1á period, which is covered by the `̀ GoT 1ññä^áò1á''
data set (see section á.á.1). The frequency of the oceano-
graphic surveys limits our analysis to a monthly time scale.

Table ä. List of the Top 1ä Daily Proxy Heat Flux Components in the Winters From 1ñæð to áò1áa

QU (W mÿ á) QE (W mÿ á) QH (W mÿ á) QB (W mÿ á)

Date Date Date Date

1 2 æåä â Feb áò1á ÿ âñå á1 Jan 1ññá 2 âáò â Feb áò1á ÿ 1äò å Jan 1ñðä
á ÿ æãò 11 Jan áòòâ ÿ âðæ 1â Jan áòò1 ÿ áðâ ñ Jan 1ñðä ÿ 1ãð æ Jan 1ñðä
â ÿ æáã á1 Jan 1ññá ÿ âðå ã Jan 1ññä 2 áðâ ã Feb áò1á ÿ 1ãæ â Jan 1ñæñ
ã ÿ æ1ò å Jan 1ñðä 2 âåä â Feb áò1á ÿ áæñ å Feb 1ññ1 ÿ 1ãå 1á Jan áòòâ
ä ÿ æòå 1â Jan áòò1 ÿ âåâ 1á Jan 1ñðò ÿ áäð å Jan 1ñðä ÿ 1ãâ ð Jan 1ñðæ
å ÿ åðò ñ Jan 1ñðä ÿ âåò 11 Jan áòòâ 2 áäå 11 Feb áò1á ÿ 1ãá ñ Jan 1ñð1
æ ÿ åæð ã Jan 1ññä 2 ââò ã Feb áò1á ÿ áãä á1 Jan 1ññá ÿ 1âñ ð Jan 1ñð1
ð 2 åæå ã Feb áò1á 2 âáä 1 Feb áò1á 2 áãã å Feb áò1á ÿ 1âñ 11 Jan áòòâ
ñ ÿ åäã 1á Jan 1ñðò ÿ â1ð ñ Jan 1ñðä ÿ áãá 11 Jan áòòâ ÿ 1âñ 1á Feb 1ñðä
1ò 2 åäò å Feb áò1á 2 â1á á Feb áò1á 2 áââ 1ò Feb áò1á ÿ 1âð 1ã Jan áòò1
11 ÿ åãð 1ã Feb 1ññã ÿ âòä 1ã Feb 1ññã ÿ áâá ñ Jan áòòâ ÿ 1âð âò Jan 1ñññ
1á ÿ åâã å Feb 1ññ1 ÿ âòâ å Jan 1ñðä ÿ ááå 1á Jan 1ñðò ÿ 1âð â1 Jan 1ñðæ
1â 2 åáá 11 Feb áò1á 2 âò1 11 Feb áò1á ÿ ááä ä Jan 1ñðä ÿ 1âæ áä Jan áòòò
1ã ÿ å1å á Jan 1ññâ 2 áñð 1ò Feb áò1á ÿ áá1 1ã Feb 1ññã ÿ 1âæ 1 Feb 1ññ1
1ä ÿ å1â æ Jan 1ñðä 2 áñå å Feb áò1á ÿ áá1 æ Jan 1ñðä ÿ 1âå âò Jan 1ñðæ

aDays of áò1á are highlighted in bold.

Table å. List of the Top Three 1å day Mean Proxy Heat Flux Components in the Winters From 1ñæð to áò1áa

QU (W mÿ á) QE (W mÿ á) QH (W mÿ á) QB (W mÿ á)

Date Date Date Date

1 2 ä1ä ä Feb áò1á 2 áäð ã Feb áò1á 2 1æð ä Feb áò1á ÿ 11æ áå Jan 1ññ1
á ÿ ãâä ã Jan 1ñðä ÿ áò1 ã Jan 1ñðä ÿ 1âæ ã Jan 1ñðä ÿ 11ã á Jan 1ññò
â ÿ âåå á Jan 1ññâ ÿ 1åä á Jan áòòñ ÿ ðð á Jan áòòñ ÿ 11ã áð Jan 1ññ1

aDates indicate the central day of the period; days of áò1á are highlighted in bold.
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D� ò represents the difference of monthly mean� ò in two
consecutive months, namely,� ò(February)ÿ � ò(January)
or � ò(March)ÿ � ò(February), obtained from all observa-
tions at depths greater than áò m; thus, two values are
available for each year. The error on� ò is represented by
the standard deviation of the data sample used for its calcu-
lation; the errors on the relevant� ò values are then propa-
gated to estimate the error onD� ò. Daily Q values are
obtained by adding proxyQU and solar heat £uxQS com-
puted from observations according to equation (Aá);
monthly meanQ values are then obtained from the daily
values in the periods 1å January to 1ä February and 1å Feb-
ruary to 1ä March. The errors onQ are obtained from the
errors on each component as explained in Appendix B.

[ãò] Our analysis is limited to the cases whenD� ò> ò,
that is, denser water has been formed. From January to Feb-
ruary this condition occurred every year except in 1ññæ,
1ññð, áòò1, áòòá, and áòòñ, while from February to March
it was observed only in 1ññå, áòò1, áòòä, and áò11. It
turns out that 1å cases satisfy this criterion; they are shown
in Figure ñ. Under the hypothesis of a linear relationship
betweenD� ò andQ

D� ò ˆ a ‡ bQ …ä†

regression provides the results summarized in Table æ. The
analysis was performed using the Fortran ææ programs in
Press et al. [1ññå].

[ã1] First, we notice that the two linear models, with and
without áò1á, are consistent with each other, which means
that within a one standard deviation con¢dence limit,D� ò
in the extreme case of áò1á can be estimated from the
model parameters estimated from the `̀ normal'' cases. Sec-

ond, we can obtain a useful, although crude, estimate of the
density anomaly change as a function of heat £uxes. We
¢nd that a 1 W mÿ á total heat loss causes a density increase
of approximately (ä6 á) � 1òÿ â kg mÿ â. This ¢gure is
site-speci¢c, but the concept seems applicable to other
semienclosed water bodies similar to the Gulf of Trieste.

ã. Conclusions

[ãá] This study of the air-sea interactions during winter
áò1á reveals that the Bora event from áð January to 1á
February can be considered as an extreme event over the
course of several decades in terms of both surface heat
£uxes and ocean properties, particularly temperature and
density. The most signi¢cant feature is the persistence of
strong wind which caused extensive evaporation and
caused the temperature to drop to values observed only in
February 1ñáñ, and which created a density even higher
than in that month.

[ãâ] It is interesting to note that although the two events
mentioned earlier are characterized by similar ocean prop-
erties, the atmospheric conditions are quite different during
the two winters. In fact, the whole winter of 1ñáñ, from the
end of December 1ñáð, was much colder and more windy
than normal; by contrast, air temperature in áò1á was
below normal only during the Bora event, but still much
higher than in February 1ñáñ by about â� C on average and
up to ð� 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.

[ãã] 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 ñ and Table æ reveals that although the
dense water formation in winter áò1á represents an
extreme situation, the magnitude of the observed density
change is consistent with the estimate obtained from data
from previous winters.

[ãä] 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 áò years of monthly surveys in
the gulf and only âä years of proxy heat £uxes. As a conse-
quence, we cannot make a thorough comparison here with
other known past severe Bora episodes as, for instance, that
which occurred in February 1ñäå, quoted inMihanovicè
et al. [áò1â]. The reconstruction of longer homogeneous
time series of meteorological and marine data is required to
provide more information on this aspect. However, in the
context of `̀ present'' climate, the January^February áò1á

Figure ñ. Comparison of mean monthly density anomaly
variations (D� ò) and mean monthly total heat £uxes (Q)
from 1ññå to áò1á. Error bars on both variables are shown.
The áò1á data are indicated by the black dot. The solid
lines represent the linear ¢t for 1ññå^áò11 and related one
standard deviation con¢dence limits. The dashed line repre-
sents the 1ññå^áò1á linear ¢t.

Table æ.Linear Regression Analysis of Monthly Density Anom-
aly Changes (D� ò) and Total Heat Fluxes (Q)a

Period a (kg mÿ â) b (kg mÿ â/W mÿ á) p

1ññå^áò11 ÿ ò.áá1ò6 ò.áòãñ ÿ ò.òòäò6 ò.òò1ñ ò.æ� 1òÿ â

1ññå^áò1á ÿ ò.1æäã6 ò.áãäã ÿ ò.òòãä6 ò.òòáä 1.ã� 1òÿ â

aa is the intercept,b is the slope, andp represents the probability that
the linear relationship occurs by chance and measures the ¢t quality.
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event represents an extreme situation from the viewpoint of
dense water formation in the Adriatic, which is also cer-
tainly relevant also for the Mediterranean itself.

Appendix A: Bulk Formulas

[ãå] The total heat £ux from the atmosphere to the seaQ
can be expressed as

Q ˆ QS ‡ QB ‡ QH ‡ QE …A1†

whereQS is the net shortwave radiation £ux reaching the
sea surface,QB is the net longwave radiation £ux, andQH
andQE are the sensible and latent heat £uxes, respectively.
The positive sign indicates heat £ux from the atmosphere
to the sea.

[ãæ] The shortwave radiation £uxQS can be written as

QS ˆ QI 1 ÿ �… † …Aá†

whereQI is directly measured near the sea surface and� is
the ocean surface albedo, which depends on atmospheric
transmittance and Sun altitude. As a basis, we use monthly
climatological values at noon obtained as averages of those
proposed byPayne[1ñæá] for the North Atlantic at ãò� N
and äò� N, where the dependence on atmospheric transmit-
tance is averaged out.

[ãð] The longwave radiation £uxQB is computed by
means of Berliand's formula [Simpson and Paulson, 1ñæñ]

QB ˆ ÿ "� Tã
a ò:âñÿ ò:òäe1=á

a

� �
1 ÿ ò:ðCáÿ �

‡ ã"� Tâ
a Ts ÿ Ta… †

…Aâ†

where" ˆ ò.ñæ is the ocean longwave emissivity,� ˆ ä.åæ
� 1òÿ ð W mÿ á Kÿ ã is the Stefan^Boltzmann constant,Ts
is the sea temperature,Ta is the air temperature, andC is
the fractional cloud cover;ea is the atmospheric vapor
pressure, which can be expressed in terms of the saturation
vapor pressureesat and the relative humidityU as

ea ˆ ò:ò1Uesat Ta… † …Aã†

[ãñ] The sensible and latent heat £uxes are written as

QH ˆ ÿ � M cH Cpw Ts ÿ Ta… † …Aä†

QE ˆ ÿ L Ts… †� M cEw esat Ts… † ÿò:ò1Uesat Ta… †‰ Šò:åáápÿ 1
a …Aå†

where� M is the density of moist air,cH andcE are the tur-
bulent exchange coef¢cients,Cp ˆ 1.òòä � 1òÿ â J kgÿ 1

Kÿ 1 is the speci¢c heat capacity at constant pressure,w is
the wind speed,Ts is the sea temperature,Ta is the air tem-
perature,L(T) is the latent heat of vaporization,esat(T) is
the saturation vapor pressure,U is the relative humidity,
andpa is the atmospheric pressure. The number ò.åáá rep-
resents the ratio between the gas constants for dry airRd
and water vaporRv. The density of moist air is given by

� M ˆ 1òò
paò:åáá 1‡ rw… †

RdTa ò:åáá‡ rw… †
…Aæ†

where

rw ˆ ò:ò1Uesat Ta… †ò:åáápÿ 1
a …Að†

is the mixing ratio. The turbulent exchange coef¢cientscH
andcE are computed according toKondo[1ñæä]. They can
be written as

cH ˆ 1:â � 1òÿ âf Sp
ÿ �

…Añ†

cE ˆ 1:ä � 1òÿ âf Sp
ÿ �

…A1ò†

whereSp is the stability parameter de¢ned as

Sp ˆ
sjsj

jsj ‡ ò:ò1
…A11†

with

s ˆ Ts ÿ Ta… †wÿ á …A1á†

[äò] The expressions forf(Sp) are the following:

f Sp
ÿ �

ˆ ò forSp � ÿ â:â
f Sp
ÿ �

ˆ ò:1 ‡ ò:òâSp ‡ ò:ñexp ã:ðSp
ÿ �

for ÿ â:â < Sp < ò
f Sp
ÿ �

ˆ 1:ò ‡ ò:åâS1=á
p for Sp � ò

…A1â†

[ä1] The latent heat of vaporization is computed as in
Gill [1ñðá]:

L T… †̂ á:äòòð� 1òå ÿ á:â � 1òâ T ÿ áæâ:1ä… † …A1ã†

which allows us to estimate the evaporation rateE as

E ˆ QE=L Ts… † …A1ä†

Appendix B: Heat Flux Error Estimates

[äá] In order to estimate the errors on the heat £uxes, the
procedure described inArtegiani et al. [1ññæ] is here sum-
marized. LetQ be a heat £ux component, a function ofn
parameters with mean valuesxk (k ˆ 1, . . . , n) (the hourly
values) and errors"k (the absolute hourly errors) or� k (the
relative hourly errors) (see section á.á). We ¢rst calculate
the `̀ central'' valueQ using xk, then n valuesQk

ÿ using
xk ÿ "k or xk(1ÿ � k) and n values Qk

‡ using xk ‡ "k or
xk(1‡ � k). The error on the heat £ux component produced
by the error on parameterk is given by

� k ˆ j Q ÿ Q‡
k j ‡ j Q ÿ Qÿ

k j
ÿ �

=á …B1†

[äâ] The overall errorE on Q is then estimated by com-
bining � k quadratically :

E ˆ
1
n

X
k
� á

k

� � 1
á

…Bá†
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