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ABSTRACT

A comprehensive historical hydrographic dataset for the overall Adriatic Sea basin is analyzed in order to
define the open ocean seasonal climatology of the basin. The authors also define the regional climatological
seasons computing the average monthly values of heat fluxes and heat storage from a variety of atmospheric
datasets. The long term mean surface heat balance corresponds to a heat loss of 19-22 W m-2. Thus, in steady
state, the Adriatic should import about the same amount of heat from the northern lonian Sea through the Otranto
Channel. The freshwater balance of the Adriatic Sea is defined by computing the average monthly values of
evaporation, precipitation, and river runoff, obtaining an annual average gain of 1.14 m. The distribution of
heat marks the difference between eastern and western Adriatic areas, showing the winter heat losses in different
parts of the basin.

Climatological water masses are defined for three regions of the Adriatic: (i) the northern Adriatic where
seasonal variations in temperature penetrate to the bottom; deep water (NAADW) with o, > 29.2 kg m=3 is
produced and salinity is greatly affected by river discharges; (ii) the middle Adriatic where a pool of modified
NAdDW is stored during the summer season after being renewed in winter and modified Levantine Intermediate
Water (MLIW) intrudes from the southern regions between spring and autumn; and (iii) the southern Adriatic
where homogeneous water properties are found below 150 m (the local maximum depth of the seasonal ther-
mocline) and a different deep water mass (SAdDW) is found with ¢, > 29.1 kg m=3, T = 13.5°C, and S = 38.6
psu. Due to river runoff waters, the surface layers of all three regions are freshened during the spring—summer
seasons. The vertical distributions of dissolved oxygen vary quantitatively in the three regions showing a spring—
summer subsurface maximum due to the balance between phytoplankton growth in the euphotic zone and low
vertical mixing in the water column. This behavior can be reconciled with open ocean conditions except for the
northernmost part of the Adriatic where well-mixed oxygen conditions prevail throughout the year.

Large interannual anomalies of both temperature and salinity are found at the geographical center of the basin
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in surface and deep waters (100 m).

1. Introduction

The Adriatic Sea (Fig. 1) is an elongated basin, with
its major axis in the northwest—southeast direction, lo-
cated in the central Mediterranean, between the Italian
peninsula and the Balkans. Its northern section is very
shallow and gently sloping, with an average bottom
depth of about 35 m. The middle Adriatic is 140 m deep
on average, with the two Pomo Depressions reaching
260 m. The southern section is characterized by awide
depression more than 1200 m deep. The water exchange
with the Mediterranean Sea takes place through the
Otranto Channel, whose sill is 800 m deep.

The eastern coast is generally high and rocky, whereas
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the western coast is low and mostly sandy. A large
number of rivers discharge into the basin, with signif-
icant influence on the circulation, particularly relevant
being the Po River in the northern basin, and the en-
semble of the Albanian rivers in the southern basin.

Studies of the Adriatic Sea started in the early eigh-
teenth century, although afew observations are reported
earlier, and essentially concerned the coastal biological
phenomenology, whereas open-sea observations began
in the nineteenth century. Several aspects of such re-
search have been reported by many authors in the past,
so that more details can be found in their papers
(D’ Anconaand Picotti 1958; Pigorini 1968; Trotti 1969;
Buljan and Zore-Armanda 1976; Zavodnik 1983; Ar-
tegiani et al. 1993).

Among those activities, the most significant contri-
bution to the knowledge of the physical characteristics
of the basin was provided by the series of seasonal
cruises made by the Permanent Italian—Austrian Com-
mission in the years 1911-14 (R. Comitato Talasso-
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FiG. 1. Adriatic Sea coastline and topography. Lines a and b define the northern, middle, and southern subbasins.

grafico 1912, 1913, 1914; Briickner 1912, 1913, 1915).
The results from these early cruises defined the basic
knowledge of the basin phenomenology and the starting
point for subsequent investigations up to the beginning
of the 1980s.

Between the two world wars relevant contributions
did not occur, although both Italian and Yugoslav re-
searchers continued the observations and studies. Since
World War Il there has been an increasing amount of
research, starting with Yugoslav surveysin 1947 (Buljan
and Marinkovi¢ 1956) and the Italian cruise of 1955
(D’ Ancona and Picotti 1958). The research was stim-
ulated also by environmental problems induced by the
occurrence of anomalous phenomena, like strong storm
surges, intense algal blooms, and the presence of ge-
latinous masses.

The large amount of data collected enabled the re-

searchers to outline, even if not alwaysin a satisfactory
manner, some basic processes, such as the dense water
formation and the role of river discharges. Most of the
analysis has been performed in the northern basin (Fran-
co 1970, 1972, 1982), so that its phenomenology is
relatively well known, compared to that of the middle
and, especially, the southern basin (Artegiani et al.
1993).

Here we analyze the hydrochemical dataset composed
of almost all data collected from the beginning of the
century to the early 1980s for the entire Adriatic Sea.
This allows us to infer the structure of the general cir-
culation of the overall basin. In Part | of the paper we
analyze the air—sea interaction budgets and the water
mass structure of the basin. In Part 11 (Artegiani et al.
1997) we describe the horizontal circulation features. In
section 2 of Part | we define the air—sea heat and mo-
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Fic. 2a. Maps of February, May, August, and November average air temperature (°C) from the NMC dataset at 1000 hPa.

mentum fluxes for the overall region, classify the sea-
sons on the basis of the Adriatic overall heat storage,
and determine the fresh water balance. The dataset is
described in section 3, and we classify the water masses
and the oxygen distribution in section 4. In section 5
we describe the seasonal variations of water masses
along some selected vertical sections. Interannual vari-
ability is analyzed at the available stations in section 6.
Finally, conclusions are presented in section 7.

2. Atmospheric conditions, season definition, heat,
and freshwater budgets

Here we give a climatological description of the at-
mospheric conditions over the basin, and their effect in
terms of heat exchange and storage. One of the datasets

used was obtained from the National Meteorological
Center (renamed the National Centers for Environmen-
tal Prediction). It consists of 12-h operational analysis
fields at 1000 hPa, with 1° X 1° spatial resolution, for
air temperature, relative humidity, and wind speed for
the period January 1980-December 1988. The original
dataset has been averaged to produce climatological
monthly mean values of the variables, shown in Figs.
2a—c for the months of February, May, August, and
November, which may be regarded as representative of
each season.

Air temperature (Fig. 2a) exhibits seasonal fluctua-
tions of about 20°C over the entire basin. A longitudinal
gradient prevails in the northernmost section, whereas
a transverse gradient is dominant in the middle and
southern Adriatic. The north—south temperature differ-
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Fic. 2b. Maps of February, May, August, and November average relative humidity (%) from the NMC dataset at 1000 hPa.

ence ranges from about 3.5°C in May to about 7°C in
November.

Relative humidity (Fig. 2b) is generally higher in the
northern section and in the colder seasons, mainly as a
consequence of lower air temperature. The winter field
is relatively homogeneous, whereas a significant lon-
gitudinal gradient existsin the northern section in spring
and summer. A relative humidity minimum is present
in al seasons in the southern section.

The main characteristic of NMC wind data (Fig.
2c) isaprevailing westerly component in all seasons;
however, the two other datasets examined, Hellerman
and Rosenstein (1983) and May (1982), exhibit a
dominant easterly component, at least over the north-
ern and middle Adriatic, in agreement with the fre-

guent observations of northeasterly and southeasterly
winds made at most of the coastal meteorological sta-
tions. In Fig. 2d February and November maps of
Hellerman and Rosenstein’sand May’s data are shown
for comparison. We believe that the climatological
NMC wind field is too zonal over this region and
shows smaller intermonthly variations than the other
climatological datasets; however, it is a dataset that
provides consistent wind and temperature fields over
the area

The adopted monthly mean cloudiness fields come
from the Comprehensive Ocean Atmosphere Data Set
(COADS). Cloudiness varies approximately between
two-tenths in July and six-tenths in January and Feb-
ruary and is rather uniformly distributed over the whole
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Fic. 2c. Maps of February, May, August, and November average wind speed (m s~) from the NMC dataset at 1000 hPa.

basin, the standard deviation associated with the spatial
mean being about 10%.

Figure 2e shows the average fields of total heat flux
resulting from the May dataset (May 1986) for selected
months representing each season, namely, February,
May, August, and November. We decided to display the
May dataset since it covers the entire basin, while the
COADS cloudiness dataset does not include some coast-
a areas. A strong cooling occurs everywhere in No-
vember, particularly in the northern region, while in
February the maximum heat loss is found in the middle
Adriatic close to the western coast. In May atransverse
gradient is present, while in August a longitudinal gra-
dient occurs in the northern and middle regions. The
maximum heat losses along the Italian coastline during

winter—spring months may support the conclusion that
the western Adriatic coastal areas are dominated by
downwelling processes. This conclusion is also sup-
ported by the presence of downwelling-favorable north-
erly winds in winter and spring.

We have computed the climatological monthly heat
budget at the sea surface by means of the bulk formulas
selected by Castellari et al. (1997, manuscript submitted
to J. Mar. Res., hereafter referred to as CPL97) (seethe
appendix), using the atmospheric data described above.
The monthly mean sea surface temperature fields are
obtained from our hydrological dataset and will be dis-
cussed later. To verify that the NMC wind pattern did
not affect our heat budget computations, we used all
three climatological wind datasets described above
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Fic. 2d. Comparison between wind speeds (m s7%) from

(NMC, Hellerman and Rosenstein, and May). As we
can see in Fig. 3, the differences in wind direction did
not appreciably change the heat budget calculations.
Table 1 summarizes each heat budget component
computed by means of the NMC air temperature, rel-
ative humidity, and wind data. We see that latent and
longwave radiation heat fluxes dominate the balance
together with the shortwave incoming solar radiation.
The annual average of the NMC heat budget is about
—19 = 10 W m-2. For a comparison, we have aso
computed the same quantities from the May dataset (Ta-
ble 2). The annual average of May total heat flux is —22
W m~2 (no statistical error has been reported), which is
compatible with the val ue obtained from the fluxes sum-

s

Hellerman and Rosenstein (HR, left) and May (right).

marized in Table 1. Significant differences can be seen
in the comparison of individual monthly values of the
flux components, such asthe summer values of thelatent
heat flux. This can be partly explained as follows: (i)
the datasets cover different periods, since May used
observations from 1945 to 1984, while we used atmo-
spheric data for the period 1980-88 and sea surface
temperatures for the periods 1911-14 and 1947-83; (ii)
May first computed the fluxes from each individual ob-
servation and subsequently calculated the spatial and
time averages, while the scarcity of available obser-
vations forced us to use the space and time averaged
values of the observations directly in the bulk formulas.
Furthermore, we decided to use different bulk formulas
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FiG. 2e. Maps of February, May, August, and November average surface total heat flux (W m —2) from May (1986). The contour interval
is 10 W m~2 and the dashed lines indicate negative values.

than May and this may affect the estimates of individual
terms (CPL97).

The negative annual average of the surface heat flux
implies that in steady-state conditions the Adriatic im-
ports heat from the Mediterranean. Thisis expected due
to the deep-water formation processes occurring in the
winter and the known outflow—inflow system at Otranto
(Ferentinos and Kastanos 1988; Michelato and Kova-
Cevit 1991). Warmer surface waters enter at Otranto,
while at depth thereis a net outflow of cold deep waters.
Due to data paucity, the evaluation of heat transport
from the hydrographic data would not be reliable and
we leave this question for future studies.

In order to arrange our hydrographic dataset on a

seasonal basis, we have defined the ““ocean” seasons
according to Anati (1977). His method is based on the
computation of the climatological heat storage in the
top layer, where the atmospheric influence mostly oc-
curs. The definition of relative heat storage (HS) istaken
from Hecht et al. (1985):

D 0
HS=ﬁf Cp(T — Tp) dz if H<D
—H

o]
.
-D

where H is the actual water column depth, D is the

co(T — T,) dz ifH=D, (1)
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maximum water depth considered, ¢, the specific heat
at constant pressure, p the in situ density, T the water
temperature, and T, an arbitrary reference temperature.
In our computations D = 50 m, ¢, has been computed
according to Fofonoff and Millard (1983), p and T have
been derived from our dataset, and T, = 10°C. For the
purpose of seasonal definition, we are not interested in
the actual heat storage values, but rather in its annual
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50-m layer. (Lower) Monthly means of precipitation, evaporation,
and river runoff, together with freshwater budget displayed below.

cycle, which turns out to be almost insensitive to D
greater than 50 m and less than 150 m. Therelative heat
storage is shown in Fig. 3. Two extreme seasons can be
clearly distinguished, namely, winter from January to
April, and summer from July to October. We can also
define the two transition seasons. spring, consisting of
May and June, and autumn, consisting of November and
December.
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TABLE 1. Monthly surface heat flux components from NMC air
temperature, relative humidity, and wind data, COADS cloud data
and sea surface temperature of our dataset: Qg is the incident solar
radiation flux, Qg the backward radiation flux, Q, the sensible heat
flux, Qg the latent heat flux, and Q the total heat flux (see the ap-
pendix). All units are in W m-2; the annual averageis —19 = 10 W
m-2,

Month Qs Qe Qx Qe Q
Jan 51 -87x2 -50*x2 -135=*5 —221 =7
Feb 81 -—-88*x2 —-51*x2 -134=*5 —-192 £ 7
Mar 131 -80*2 -28*x3 -115%6 -92 =7
Apr 198 -80*3 —-12*x3 -103*x7 3x9
May 238 —63=* 3 5x2 -64x11 116 = 12
Jun 282 -59=*5 6+x1 —-43=x11 186 = 12
Jul 302 -50=*6 71 -30=x8 229 = 11
Aug 256 —-49=*6 5x1 -25=x7 188 = 9
Sep 187 —-56*5 61 —-38=x11 99 = 13
Oct 119 -76+£4 -10x1 -—120=* 13 —87 + 15
Nov 64 -84 3 -32*x3 -133=x7 —185*+ 9
Dec 46 -93*x2 -59*+x3 -170*6 —215* 8

The relationship between the heat storage and total
surface heat flux Q can be written as follows:

(HS), = Q — v - V(HS) — K, V3(HS)
+w Hslz:—D - chppTzlz:—D' (2)

The advective term in the right-hand side is dominated
by its horizontal components v, since the vertical ve-
locity w is much smaller than the horizontal velocity
and since its influence has been reduced due to the ver-
tical integration. If we now integrate horizontally and
make these approximations, Eq. (2) becomes

fJ (HS), dA = ff QdA — f v-nHS dl

+ Ky J V(HS)-n dI, 3)

where A is the surface of the Adriatic basin and O its
boundary across the Otranto Channel. The upward or
downward heat flux at the base of the seasonal ther-
mocline layer is considered to be negligible when the
horizontal average is carried out. If the right-hand side
of Eg. (3) consisted only of Q, then Q and HS would
be exactly 90° out of phase. Comparing Fig. 3 upper-
left and upper-right panels, it can be seen that both the
HS increase in winter—spring and decrease in sum-
mer—autumn are faster than expected if HS were con-
trolled only by Q; therefore, advection and diffusion
through the Otranto Channel affect the heat storage sig-
nificantly. This is again evidence that the inflow of sur-
face and intermediate waters through the Otranto Chan-
nel isimportant for the overall heat budget of the basin.

We have computed the monthly mean freshwater bal-
ance and its components evaporation (E), precipitation
(P), and river runoff (R). Figure 3 and Table 3 sum-
marize these results. Evaporation data and standard de-
viations have been determined from the latent heat flux-
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TABLE 2. May’'s monthly surface heat flux components: Qg is the
incident solar radiation flux, Qg the backward radiation flux, Q, the
sensible heat flux, Qg the latent heat flux, and Q the total heat flux
(see the appendix). All units are in W m~2; the annual average is
—22W m=

Month Qs Qs Qn Qe Q

Jan 66 —76 —48 —148 —207
Feb 99 -73 -36 -123 ~133
Mar 153 —69 -16 -88 -20
Apr 201 —67 -9 —74 52
May 251 -61 -2 -61 128
Jun 283 —59 0 —69 155
Jul 296 —64 -2 -105 124
Aug 254 —66 -6 -117 65
Sep 196 —69 -12 -125 -10
Oct 133 -70 -13 -112 -62
Nov 77 -71 -30 -135 ~159
Dec 55 -70 -38 —141 -193

es of Table 1. Precipitation has been extracted from the
climatology developed by Legates and Willmott (1990),
who estimated that P is affected by a 40% standard
deviation on average. The river discharges have been
taken from Raicich (1994), who estimated the standard
deviation to be 30%—60%, which is compatible with the
estimate for P given above. The error bars for the total
water budget, shown in Fig. 3, are then obtained from
the individual standard deviations. The three compo-
nents of the freshwater balance are of the same order
of magnitude, with negative values of E — (P + R) in
al the months, and a total fresh water gain of 1.14 =
0.20 m yr-*. The precipitation budget appears to be
overestimated probably due to the lack of open sea ob-
servations, since precipitation is expected to be lower
in the open ocean than along the coasts. We have
checked the precipitation data utilized with those ob-
served at coastal stations; it turns out that the Legates
and Willmott (1990) data appear to be overestimated as
much as 50% along the southeastern coastlines. How-
ever, computing the average annual water budget E —
(P + R) from the coastal data, the water balanceremains
negative.

TABLE 3. Freshwater balance components:. E is evaporation, P
precipitation, and R runoff. All units are in meters.

Month E 3 R E-(P+R
Jan 014+ 001 011+ 005 012 + 0.05 —0.08 + 0.07
Feb 014 + 001 0.09 + 0.04 0.12 + 0.05 —0.07 * 0.06
Mar 012 + 0.01 0.09 + 0.04 0.12 + 0.05 —0.09 * 0.06
Apr 011+ 001 007+ 003 014+ 006 -0.10 + 0.06
May 007 + 001 0.07 + 0.02 0.13 + 0.05 —0.13 * 0.06
Jun 005 =001 005=002 011 004 —-0.12 + 0.05
Jl 003*001 00300l 006003 —0.06c* 003
Aug 003 = 001 004 =002 005=* 002 -0.06+ 003
Sep 004 + 001 0.08 + 002 0.06 + 003 —0.10 = 0.04
Oct 013+ 001 0.12 + 0.04 0.08 + 0.03 —0.08 = 0.05
Nov 014 + 001 0.14 + 0.05 0.13 + 0.05 —0.13 * 0.07
Dec 018 + 001 0.14 + 0.06 0.15 + 0.06 —0.11 * 0.08
Year 117 + 003 1.02 + 012 1.29 + 0.16 -1.14 = 0.20




Aucusrt 1997

500

400 |

number of casts

200 -

100 |-

| il

0
111315 4749 5153555759 6163 6567697173 7577798183
years

FiG. 4. Yearly cast distribution.

3. The hydrographic dataset

The hydrographic dataset comprises measurements of
temperature, salinity, and dissolved oxygen taken by
bottle sampling in the periods 1911-14 and 1947-83.
The yearly station distribution is shown in Fig. 4. After
1983 all the measurements were made with CTD casts,
which will be considered in a following paper. All the
stations with less than 15-m bottom depth and others
located closeto the eastern coast have been omitted from
our analysis since we wanted to eliminate water prop-
erties strongly affected by coastal processes. The re-
sulting dataset comprises a total of 5543 stations (Table
4), 5518 of which include temperature, 5503 include
salinity, and 2673 include dissolved oxygen. Figure 5
shows the spatial distribution of these stations.

Generally, observations were made at the following
depths: 0, 5, 10, 20, 30, 40, 50, 75, 100, 150, 200, 250,
300, 400, 500, 600, 800, 1000, and 1200 m. If a value
was not available for one of the above depths, linear
interpolation between adjacent values was performed.
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Most of the data (85%—90%) was obtained from hy-
drological casts performed by Nansen and Niskin bottles
(or other anal ogous bottles) equipped with protected and
unprotected reversing thermometers. The uncertainty on
the percentage is due to the fact that some authors used
both reversing thermometers and in situ probes, but they
did not specify in their papers from which instrument
the data were obtained.

Until 1960 salinity data were obtained by means of the
Mohr—Knudsen titration method, using the Eau de Mer
Normale as standard. After 1970, al of the sdinity de-
terminations were made from laboratory salinometers cal-
ibrated with the same standard. Between 1960 and 1970,
many authors used both methods in conjunction. The au-
thors rarely gave confidence limits of the experimental
data. We can assume that the approximate temperature
uncertainty is 0.02°C and for salinity it is 0.02 psu for
titration and 0.005 psu for the conductivity method. More
details can be found in U.S. Navy (1968).

The analytical method usually adopted for the dis-
solved oxygen determination is outlined by Winkler
(1888). Various adaptations, essentially concerning the
standardization procedures, have been reported by Ja-
cobsen (1921), Vercelli and Picotti (1926), Thompson
and Robinson (1939), and Koide, quoted in Trotti
(1969). After 1960 the methodology follows the sug-
gestions proposed by Strickland and Parsons (1960),
except for some improvements in the standards as re-
ported by Grasshoff et al. (1983). The authors rarely
report experimental accuracy and sensitivity limits;
therefore, we rely on the description of each method.
Generally, both accuracy and sensitivity cannot be con-
sidered better than 0.05 ml |2

The following quality checks were carried out on the
raw dataset: (i) geographical position check; (ii) check
that the same station did not appear in different datasets;
(i) climatological check, which consists of the follow-

TABLE 4. Details on the historical Adriatic dataset: C represents the number of casts reported in each reference; C; the number of casts
with temperature data; D, the number of temperature data; C, D, the same for salinity; and C,, D, the same for dissolved oxygen.

Reference C C; D, Cs Dg Co Do
Artegiani and Azzolini (1980) 107 107 640 107 644 40 284
Artegiani et al. (1981) 115 115 450 115 455 115 450
Brasseur et al. (1993) 850 832 4492 832 4212 338 1669
Briickner (1912, 1913, 1915) 350 350 2345 348 2340 92 174
Buljan and Zore-Armanda (1966, 1979) 1062 1061 8042 1051 7955 322 2668
Cescon and Scarazzato (1979) 523 523 1974 523 1971 392 1341
ENEA (1990) 583 583 2513 581 2499 — —
Franco (1970, 1972, 1982) 335 335 1398 335 1415 320 1355
Hydrographic Inst. of the Yugoslav Navy (1982) 154 154 1566 154 1566 133 1283
Inst. za Oceanologiju i Ribarstvo, Split (1985) 29 29 175 29 171 16 29
Levitus (1982) 129 129 808 129 816 49 348
P Malanotte-Rizzoli (1972, pers. comm.) 73 73 431 73 427 73 425
Mosetti and Lavenia (1969) 300 300 1788 300 1787 — —
R. Comitato Talassografico (1912, 1913, 1914) 471 470 4050 470 4050 373 1587
Trotti (1969) 171 171 1239 171 1238 171 1173
Zore-Armanda et al. (1991) 291 286 2866 285 2809 239 2419
Total 5543 5518 34777 5503 34 355 2673 15 205
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ing: Since the data exhibit large spatial and temporal
variability, the Adriatic Sea was divided into six areas
for which the monthly means and standard deviations
were calculated. For temperature and salinity the mea-
surements were averaged in the following layers: 0—9
m, 10-29 m, 3099 m, 100-269 m, 270-599 m, and
from 600 m to the bottom. All of the valuesthat departed
from the mean by more than three standard deviations
were rejected. For dissolved oxygen every depth was
examined separately in each area. All of the values out-
side the range 4.5-6 ml 1-* and departing from the mean
by more than three standard deviations were rejected.
This procedure was repeated three times, discarding 202
values of dissolved oxygen.

On the basis of the climatological averages of these
data, we defined three regions with homogeneous phys-
ical water properties: the northern Adriatic extending up
to the 100-m isobath in the south, the middie Adriatic
characterized by the Pomo Depressions up to the Vieste
transect, and the southern Adriatic up to the Otranto
Channel. The northern Adriatic region is dightly larger
than previously defined (Orli€ et al., 1992) because we
found that the water properties are homogeneous when
calculated according to the regiona boundaries defined
here.

4. Water mass structure
a. Temperature and salinity

Figures 6, 7, and 8 show the climatological profiles
for temperature and salinity and the climatological TS
diagrams obtained from our dataset for the three regions

defined above. In the following we describe the water
mass characteristics of the three regions separately.

In the northern Adriatic the entire water column ex-
hibits an evident seasonal thermal cycle. A well-de-
veloped thermocline is present in spring and summer
down to 30-m depth, whereas a significant cooling be-
gins close to the surface in autumn when the bottom
temperature reaches its maximum value, probably due
to increased vertical mixing and intrusion of middle
Adriatic waters. Only in winter the cooling of the
whole water column occurs; in this season temperature
generally increases down to the bottom, but the water
column stability is preserved due to an associated in-
crease of salinity at depth. The freshwater effect is
clearly seen in spring and summer due to the increased
runoff and the increased water column stratification.
From these averaged temperature and salinity profiles
there is no evidence of modified Levantine Interme-
diate Water (MLIW) (described later for the middle
Adriatic) in the northern basin. We can recognize a
seasonal layer of northern Adriatic surface water
(NAdSW), which corresponds to low salinities and rel-
atively high temperatures of the summer, and a north-
ern Adriatic deep water (NAdADW) layer, which is
cooled and renewed in winter. From Fig. 8a we can
define the NADDW having average characteristics of
T=11.35+ 1.40°C, S= 38.30 = 0.28 psu, and density
g, > 29.2 kg m3,

In the middle Adriatic the spring—summer thermo-
cline is formed down to a depth of 50 m. In the layer
from 50 to 150 m the seasonal temperature changes are
still observed. The MLIW in this region is defined by
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waters with salinity S> 38.5 psu below 50 m. The surface
waters are freshened during spring and summer, asin the
northern Adriatic, due to river runoff. Hence, the river
runoff & so exceeds evaporation during summer in the mid-
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385 387

dle Adriatic. The Pomo Depressions are the only areas
deeper than 150 m. They arefilled with a deep water mass,
which exhibits some seasonal changes. The middle Adri-
atic deep water (MAdDW) hasrelatively low averagetem-
perature (T = 11.62 + 0.75°C) and substantialy higher
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average sdlinity (S = 38.47 = 0.15 psu) than the NAADW
but the density is still o, > 29.2 kg m~3, Fig. 8b. If this
water originates from the winter NAADW moving south-
ward, then it experiences substantial mixing and entrain-
ment, transforming the NAdDW into MAdDW. From
spring to autumn, the MAdDW is the coldest bottom water
mass in all the Adriatic basin.

In the southern Adriatic the seasonal thermocline ex-
tends down to approximately 75 m. The seasonal cycle
of the surface watersis driven by the fresh coastal waters
as seen by the decrease in salinity in all seasons and the
augmented minimum during spring and summer. From
150 m to the bottom, Mediterranean open sea conditions
are found since the water is aimost homogeneous, with
arelatively weak seasonal signal down to 300 m, mod-
ulated by MLIW advection and mixing. In this region
the MLIW is defined by S> 38.6 psu and T > 13.5°C,
with alayer between 150 and 400 m. The southern Adri-
atic deep water (SAdDW) again has different average
characteristics from NAADW and MAdDW. It is defined
by T = 13.16 = 0.30°C and S = 38.61 = 0.09 psu,
corresponding to o, > 29.1 kg m=3 (Fig. 8c). Thus, this
water is considerably warmer and saltier compared to
NAdJDW and MAdDW so that it probably comprises a
mixture of MLIW and local surface waters (Ovchinnikov
et a. 1985; Roether and Schlitzer 1991).

To quantify the variability of the hydrological param-
eters we use the observed standard deviations (STD)
associated with the climatological mean values. The
STDs depend mainly on the seasonal and interannual
fluctuations but are also strongly affected by the number
of observations used in the computations.

In the northern Adriatic temperature STD rangesfrom
0.8°—1.1°C near the bottom (with a minimum value in
spring and a maximum in winter) to 2.1°-2.6°C near the
surface (aminimum in winter and maximum in autumn).
In spring and summer the maximum respective STDs
2.2° and 2.4°C occur at 20 m as a conseguence of the
variability in the thickness of the seasonal surface mixed
layer. In the middle Adriatic the temperature STD is
0.6°-0.8°C near the bottom and ranges between 1.1°C
in winter and 2.4°C in spring near the surface. In this
region the highest variability in the summer occurs at
20-m depth (STD = 1.9°C), as in the northern basin.
In the southern Adriatic, the bottom STD isabout 0.2°C,
while at the surface it ranges between 1.1°C in winter
and 2.5°C in spring. Again the maximum summer STD
occurs at 20 m (STD = 2.3°C).

The salinity STD always decreases from the surface
to the bottom in all three subbasins. In the Northern
Adriatic the lowest STDs range from 0.1 psu in winter
and 0.3 psu in summer, near the bottom, and the highest
from 2.1 psu in autumn to 3.2 psu in spring at the
surface. The middle Adriatic winter salinity exhibitsthe
lowest variability, with STD of 0.1 psu near the bottom
and 0.5 at the surface, while the other seasonsare similar
to each other, with bottom STD of 0.2 psu and surface
STD of 0.9-1.1 psu. In the southern Adriatic the bottom
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STD islessthan 0.1 psu, whereas at the surface it ranges
between 0.3 psu in summer and 0.8 psu in spring.

b. Dissolved oxygen

The whole Adriatic Sea is a well-oxygenated basin.
The dissolved oxygen profiles (Fig. 9) show that in the
warmer seasons a relatively low concentration layer is
present just near the sea surface, due to oxygen equil-

ibration with the atmosphere. During spring and summer
a subsurface maximum is formed in the euphotic zone,
between approximately 10 and 50 m, due to biological
activity that results in a net production of oxygen near
the pycnocline after the density stratification of the wa-
ter column has become established. In autumn and win-
ter ventilation at the surface and water column mixing
create a more homogeneous oxygen distribution.

In the northern Adriatic we noticed a qualitatively
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different shape of the average oxygen profiles with re-
spect to middle and southern Adriatic conditions, and
thus we subdivided the northern Adriatic in two sub-
regions. The first corresponds to the area shallower than
50 m, called NA-I region, and the second corresponds
to the remaining part, called NA-II region. In Fig. 9a
for the NA-I region, we show that in all seasons there
is no subsurface oxygen maximum except for spring
when we observe it at 5-10 m. The NA-II region by
contrast shows maximum subsurface values for spring
and summer as for the middle and southern Adriatic
cases. Naturally, the highest values of oxygen for the
entire basin are reached during winter in the NA-I re-
gion. Thus, the NA-I region is clearly that part of the
northern Adriatic basin that is characterized by shallow
sea dynamics evidenced by the increased mixing
throughout the water column, even during summer. In
contrast deep-sea conditions are found in the NA-II re-
gion where oxygen profiles look similar to those of the
middle Adriatic. Hence, the pelagic lower trophic sys-
tem dynamics (i.e., nutrients and phytoplankton) are ex-
pected to be different in NA-I and NA-II regions based
on different vertical distributions of oxygen.

In the middle Adriatic the oxygen concentration de-
creases from the euphotic zone (50 m) down to the
bottom, while in the southern Adriatic a minimum is
found at 150—250 m due to the organic matter oxidation.
Below this minimum, the oxygen concentration slightly
increases down to the bottom. The relative minimum at
40-50 m in autumn and winter in the southern Adriatic
(Fig. 9d) could be due to fewer observations relative to
the levels above and below those depths.
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An average basin value of dissolved oxygen is ap-
proximately 5.5 ml |-, and we used standard deviations
(STD) to describe the oxygen variability. In the northern
Adriatic the lowest variability in the oxygen concentra-
tion occurs near the bottom with STD ranging from 0.1
ml 171 in autumn and 0.4 ml |-* in summer, while the
highest STDs occur at the surface with values of 0.5—
0.6 ml 1=t in all seasons except for summer when the
highest STD of 0.9 ml 1-* is found at a depth of 30 m.
In the remaining part of the Adriatic Sea STD exhibits
neither significant seasonal changes nor a clear depen-
dence on the depth. In the middle Adriatic the STD
range is 0.3-0.6 ml |-, and in the southern basin where
the number of observations is relatively low along the
entire water column the STD mainly ranges between
0.2 and 0.4 ml |2,

Usually, the oxygen saturation percentage does not
drop below 75%, whereas maximum values can be
greater than 110%. In the northern Adriatic hypoxia
(mostly deduced from phenological observations but
rarely measured) can occur under particular conditions
associated with specific phenomenology. Such occur-
rences cannot be recognized in our mean values due to
the sporadic nature of these events.
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5. Vertical sections

In this section we describe the seasonal variability in
temperature, salinity, and density for five lateral sec-
tions. The station locations that define the sections are
shown in Fig. 10. We see that along these five sections
the stations accumulate so that it is possible to define
seasonal mean properties along an average position,
which we call a section. The sections are called Ancona,
Pescara, Vieste, Bari, and Otranto after the nearby Ital-
ian cities.

a. Ancona, Pescara, and Vieste sections

The Ancona section is representative of the transition
area between the northern and middle Adriatic regions.
The Pescara section characterizes the middle Adriatic,
while the Vieste section represents the transition area
to the southern Adriatic.

The density distribution on these three sections is
shown in Fig. 11 for winter and Fig. 12 for spring. Two
important characteristics of the northern and middle
Adriatic winter circulation are evident from Fig. 11; (i)
the coastal waters affected by river runoff are confined
along the continental shelf and escarpments of both
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sides of the Adriatic basin and (ii) the NAADW and
MAdDW are traceable in all the sections.

At the Ancona section the NAdADW (o, > 29.2 kg
m~=3) occupies the deepest part of the section and the
heaviest core of waters is found along the Italian es-
carpment. At the Pescara section, two distinct nuclei of
dense waters occur: the first hugs the Italian escarpment
and is probably still identifiable as NAdDW; the second
is characterized as MAdDW filling the Pomo Depres-
sions. At the Vieste section, the MAADW is largely
diluted with respect to the Pescara section but it is still
evident in ‘““blobs’ along the Italian escarpment.

During spring (Fig. 12) the NAdDW is absent from
the Ancona section and only a core of water with o, =
29.1 kg m~3 occupies the central bottom region. The
MAdJDW preservesits properties even during spring and
thus from spring to autumn it becomes the heaviest wa-
ter of the Adriatic basin. The Pomo Depressions isolate
this MAdADW from neighboring water types. At the Vi-
este section and during the spring the MAdDW is still
present in two small cores of waters along the Italian
escarpments and Pomo Depressions. Our resultsare con-
sistent with the conclusions drawn by many previous
authors. A dense water pool is reported to be found in
winter in the northern Adriatic by Hendershott and Riz-
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zoli (1972), Malanotte-Rizzoli (1977), and Artegiani et
al. (1989). In agreement with our analysis, Franco and
Bregant (1983), Artegiani and Salusti (1987), and Ar-
tegiani et al. (1989) show that the NAdDW flows along
the western coast of the basin and subsequently fillsthe
Pomo Depressions. From our analysis evidenceisfound
for a seasonal residence time of the NAdDW in the
Northern and Middle Adriatic. Also it can be concluded
that climatologically the MAdDW is renewed annually
in the Pomo Depressions by NAADW flowing south-
ward. Local formation of dense water in the middle
Adriatic has also been reported by Zore-Armanda
(1963).

The other characteristics of the northern and middle
Adriatic circulation are examined using the salinity sec-
tions shown in Figs. 13, 14, and 15. During spring the
low salinity waters are still confined along the lateral
sides of the basin in al the sections with the possible
exception of Vieste. During summer the low salinity
waters induced by river runoff extend throughout the
surface layers of the sections. The lowest salinity waters
are, however, always confined along the western shelf
areaof the basin, both at the Pescaraand Vieste sections.
The autumn conditions, shown in Fig. 15, represent the
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transition toward the wintertime regime with increased
gradients of salinity along the escarpments.

At intermediate depths between 50 and 150 m we can
detect (in Figs. 13, 14, and 15) the presence of MLIW
(S > 38.5 psu in the middle and S > 38.6 psu in the
southern Adriatic) in all seasons except winter (not
shown). The greatest intrusion of MLIW is evident in
autumn, as shown by the large area enclosed by the
38.5-psu isohaline in Fig. 15 for the Pescara and Vieste
sections. At the Ancona section the MLIW can betraced
on the eastern side of the section only during summer
and autumn. The MLIW did not result from the average
climatological profiles of Fig. 8a since the areaoccupied
by this high salinity water mass is relatively small and
the spatial average removes this signal.

b. Bari section

This section is representative of the central southern
Adriatic. The winter conditions, shown in Fig. 16a, are
characterized by low temperature and low salinity coast-
al waters on the western shelf area of the Adriatic. In
the deepest part of the section we find the SAADW with
T < 13.0°C and S < 38.6 psu. These dense waters are
probably of local origin, in agreement with the results
by Pollak (1951), Ovchinnikov et al. (1985), and Roeth-
er and Schlitzer (1991), who indicate the southern basin
as an area of SAdDW formation. Above the SAADW
thereisathick transition layer with 13.0 < T < 13.5°C,
and the MLIW lies above that layer.

During spring (Fig. 16b), the MLIW is evident only
on the eastern side of the basin and it exhibits patchiness
at intermediate depths. The SAdDW is still evident at
the bottom while the surface waters have decreased their
salinity in the first 50 m. Hence, we conclude again that
the river runoff waters affect also the southern Adriatic
surface waters.

c. Otranto section

This section is shown in Fig. 17 for winter and spring
conditions. Thisis the route of exchange of waters with
the eastern Mediterranean, so that it is interesting to
trace the deep water masses along the section.

During winter, the western side of the section along
the escarpment is occupied by a very dense water char-
acterized by T < 13.5°C and S < 38.6 psu. The central
and eastern part of the section shows the presence of
MLIW (135° < T < 145°C, S > 38.6 psu). The
SAdDW is evident as a small nucleus in the deepest
part of the section with T = 13.5°C and S = 38.6 psu.

During spring the MLIW central core is shifted up-
ward around 300 m, while during winter it is centered
around 600 m. It isinteresting to note that during spring
the SAdDW seems to have cooled and freshened alittle
with respect to winter values. Thus, we conclude that
the SAdDW could have mixed with MAdDW and/or
the heavy coastal waters seen along the western es-
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carpment during winter. However, the paucity of data
in this region of the Adriatic does not allow us to draw
any definitive conclusions about mixing of different wa-
ter masses in the Southern basin.

6. Interannual variability of time series

The entire dataset presented here contains few areas
with long time series. We choose to show the time series
in aregion of 36 X 41 km? at the center of the Vieste
section. This area is called Pelagosa after the nearby
island. Between 1947 and 1983 we have temperature
and salinity data with the exception of 1951-52 and
1973-74.

In Figs. 18a,b we show the area-averaged temperature
and salinity anomalies for the surface and 100-m depth
after the seasonal cycle has been removed. As expected,
the temperature interannual variability is larger at the
surface, with maximum deviations of 4°C, than at depth
(deviations of 2°C at 100 m). The analysis by means of
the periodogram method (Stull 1988) reveals that the
interannual variability in temperature and salinity peaks
at different periods. Temperature anomalies are domi-
nated by fluctuations of high frequency (1-2 yr) and
relatively low frequency (12-13 yr) both at the surface
and 100 m. The variance explained by the 1-yr and 2-yr
fluctuations is about 10% at both levels, and the 12-yr
or 13-yr components explain about 7% of total variance
at the surface and 13% at 100 m. The variability of
salinity anomalies is characterized by fluctuations of
intermediate frequency (3 and 6 yr), both at the surface
and at 100 m. At 100 m a12-yr fluctuationis also found,
as for temperature at that depth. The 3-yr and 6-yr com-
ponents explain about 9% and 18%, respectively, of the
time series variance at the surface, while at 100 m ap-
proximately 15% of the total variance is explained by
the 12-yr component, 8% by the 6-yr component, and
6% by the 3-yr component. Since 1970-71 we can de-
tect a trend of increasing salinity and temperature but
the data are not sufficiently accurate to make conclu-
sions about climatic changes (Zore-Armanda et al.,
1991).

7. Conclusions

The work presented here describes the climatological
water mass and dissolved oxygen structure of the Adri-
atic Sea. The dataset was collected and quality-con-
trolled and a seasonal climatological analysis produced.
A monthly analysis was not feasible because of the pau-
city of data.

First, we studied the meteorology of the basin and
the air—sea interaction budgets. Several climatological
wind datasets were compared and discussed and the
climatological heat budget of the basin computed by
means of bulk formulas. The heat budget at the surface
is dominated by the incoming shortwave heat flux bal-
anced by longwave and latent heat energy losses. It was



1510

TEMPERATURE

7 q

-2004

=3

-100

-300
-4004
—-500+
-600
—7004
—800 1
=900 1
~1000 1

,,13\\\\\

’E—HOO-
~er —1200 T v T v T v T v T
T 10 30 50 70 90 110 130 150 170 190
-
o HES——p— )
o 14/\“

-200 ¥

—300 1

-4001

-5001

—600

—700

-800

-900 4 13

-1000

-1100

-1200

10 30 50 70 90 110 130 150 170 130

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 27

(@)

¥
-100 1
—200

-3004

SALINITY

38.8

38.6 38,

\

-400{
-5001
-6001
-700
-800
-900 1

-10001

~11001

—12()01
(b,

-100

0 30 50 70 90 110 130 150 170 190

38,686~
386
0

—-200 1

20 N %R ]
$7 /\W"/STj%%

-300

0o

—400 38.6

-5004
—600
-700+
—-800
~-800 {
-10004

-1100

-1200

km

10 30 50 70 90 110 130 150 170 190

Fic. 16. Temperature (°C, left) and salinity (psu, right) vertical distributions along the Bari
section for (a) winter and (b) spring.

found that the basin has an overall long term heat loss
of 19-22 W m~2, which implies an import of heat from
the northern lonian through the Otranto Channel. The
latter is shown to play an important role also in the heat
storage balance of the Adriatic basin. These climato-
logical considerations show that the Adriatic is a heat
engine like the overall Mediterranean, but itisadilution
basin since the freshwater balance implies an average
freshwater gain of 1.14 m yr-1.

The overall Adriatic basin is subdivided in three ar-
eas. the Northern basin with shallow sea water mass
characteristics; the middle Adriatic, whichisatransition
basin but with some well-defined open sea character-
istics (persistence of apool of deep water during spring—
summer seasons); and the Southern basin with open sea
water mass characteristics below 150 m.

We have classified for the first time the water masses
of the basin using climatological averages and vertical
sections. The surface waters of all the three regions
undergo a clear temperature seasonal cycle with max-

imum values of temperature during summer and max-
imum mixed layer depths during winter. The salt balance
of the surface layer is clearly affected by freshwater
river runoff in al the three regions during spring and
summer. Fresher coastal waters are always separated and
distinguishable from open sea watersin all seasons. We
can recoghize the MLIW and deep waters spreading
paths. The MLIW is defined by S > 38.5 psu in the
middle Adriatic and S > 38.6 psu in the subsurface
layers of the southern Adriatic. Its maximum abundance
is reached during autumn where it occupies almost the
entire water column in the middle and southern Adriatic.
The MLIW intrusion can be detected al so in the northern
Adriatic, but from the climatology we have no evidence
of such a phenomenon, which seems to be rather lo-
calized. To a first-order approximation the northern
Adriatic seems to be dynamically independent of the
middle and southern Adriatic, however, it clearly influ-
ences the dynamics of the other two regions through the
southward movement of NAdDW.
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The deep waters of the Adriatic can be separated into
two categories: the first, clearly formed in the northern
Adriatic region, cool and relatively fresh, found in the
northern and middle Adriatic, and the second of much
higher temperature and salinity, in the southern Adriatic.
It is our perception that vertical mixing between water
masses is an extremely powerful dynamical processin
the basin, especialy as an explanation of the modifi-
cation of NAADW into MAdDW.
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APPENDIX
Heat Budget Computations

The computation of the net heat flux at the seasurface
Q has been made by means of the bulk formulas (in S|
units), which will be summarized here. More details can
be found in CPL97. Here Q can be expressed as

Q=Qs— Qs — Qy — Qg
where Qg is the downward flux of solar radiation reach-
ing the sea surface, Qg the net longwave radiation flux
emitted from the sea surface, and Q,, and Q. the sensible
and latent heat fluxes from the sea surface to the at-

mosphere.
The incident solar radiation flux Qg can be written as

Qs = Qror (1 — 038 C — 0.38C) (1 — a),

where C is the fractional cloud cover and « is the ocean
surface albedo, which depends on the solar altitude ac-
cording to Payne (1972). The cloud attenuation factor
was proposed by Berliand (Budyko 1974).

Here Q;or is the sum of two components, the flux of
direct radiation reaching the surface and the flux of ra-
diation scattered downward by the atmosphere

Qror = Qoir T Qoire
Qor = Qp 7%

Qoirr = 0.5[(1 — A) Qo — Quil-

Here Q, is the solar radiation flux at the top of the
atmosphere, z the zenith angle, Qs is the fraction of
Q, transmitted through the atmosphere (transmission co-
efficient + = 0.7), and Qp, is computed under the hy-
pothesis that the radiation scattering in clear sky occurs
half downward and half upward (Rosati and Miyakoda
1988); the scattered radiation is the amount not reaching
the surface minus that absorbed by water vapor and
ozone (absorption coefficient A, = 0.09). The expres-
sion for Q, is

Qo = Jya 2 cos(2)De(¢h),

where J, = 1.35 X 10° Jm~2 s ! is the solar constant,
a the earth radius, and D(¢) the fraction of daylight.

Thelongwave radiation flux Qg is computed by means
of Berliand's formula (Simpson and Paulson 1979)

Qg = £0T%(0.39 — 0.05€¥?)(1 — 0.8C?)
+ 4eoT3(T, — T,),

where ¢ = 0.97 is the ocean longwave emissivity, o =
5.67 X 10-8 W m~2 K~* the Stefan—Boltzmann constant,
T, and T, the sea and atmosphere temperatures, and C
the fractional cloud cover; e, is the atmospheric vapor
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18. Temperature and salinity time series for the Pelagosa area at (a) the surface and (b)

the 100-m depth.

pressure (hPa) and can be expressed in terms of the
saturation vapor pressure e, and the relative humidity
U (%)

e, = 0.01Ue,(T,).
The sensible and latent heat fluxes are written as
Qu = puCHCW(T, — T,)
Qe = L(T)pucewWlex(T,) — 0.01Ue,(T,)]10.622p,*,

where p,, is the density of moist air, ¢, and c. the tur-
bulent exchange coefficients, C, = 1.005 X 10° Jkg™*
K~* the specific heat capacity at constant pressure, w
the wind speed, T, and T, the sea and air temperature,
L(T) the latent heat of vaporization, e_,(T) the saturation
vapor pressure, U the relative humidity, and p, = 1013
hPa the atmospheric pressure. The number 0.622 rep-
resents the ratio between the gas constants for dry air
R, and water vapor R,. The density of moist air is given
by

p, 0.622(1 + r,)

= 100 :
P R,T.(0.622 + 1,)

where
r, = 0.01Ue,(T,)0.622p,*

is the mixing ratio.
The turbulent exchange coefficients ¢, and c. are

computed according to Kondo (1975). They can be writ-
ten as

Cy = 1.3 X 10%(S); cc = 1.5 X 10-(S),

where §, is the stability parameter defined as
___sd
S =g+ oot
with
s= (T, — Tyw=2
The expressions for f(S,) are the following:

0 for §, = —33
f(s)= 101+ 00ss,
$)=1+ 09 exp(d8s) for —33<S, <0

1.0 + 06352 for S, = 0.

The latent heat of vaporization is computed by means
of the following equation (Gill 1982):

L(T) = 2.5008 X 10° — 2.3 X 10%(T — 273.15).

Error estimate

The following procedure has been adopted in order
to estimate the errors on the heat fluxes. First, averages
(u) and standard deviations (o) are computed for each
grid point of the parameter fields used in the calcula-
tions, namely, sea surface temperature, air temperature,
relative humidity, and wind speed. Let Q be the ba-
sin-averaged heat fluxes computed by means of the
fields u for all the parameters. Then, the heat fluxes are
computed by using the fields . + o-and u — o for one
selected parameter and the fields u for the others, ob-
taining Q. and Q_, respectively. An evaluation of the
error on the heat fluxes attributed to the error on the
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selected parameter is given by the quantity o = (|Q —
Q.| + |Q — Q_])/2. This procedure is then repeated for
each parameter and the values of « so obtained are
combined quadratically to estimate the overall error.
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