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Abstract. A very long data series (1921-2000) of hydro- 1992; Orlc et al., 1992). Additionally, they are influ-
graphic parameters (temperature, salinity and density) colenced by periodical inflow of more saline water of Mediter-
lected in surface and bottom layers at a station in the coastalanean origin (e.g. Franco and Michelato, 1992). In the mid-
zone in the northeastern Adriatic was analyzed. Seasonal ardle Adriatic, inflow of very saline water from the Mediter-
interannual variability of the three parameters is described omanean is considered to be connected to the sea-level pres-
the basis of monthly and yearly averages. The seasonal cysure difference between the mid North Atlantic and south-
cles obtained were found to be typical for the northern Adri- east Mediterranean, named the Mediterranean Oscillation in-
atic. Interannual analysis showed that there was no trend imlex (MO index; Grbec et al., 2003). A positive MO index
temperature, salinity and density in the region during the in-(higher pressure over the Atlantic and lower pressure over
terval analyzed. The long-term series of yearly means ofthe Mediterranean) induces inflow of Levantine Intermediate
hydrographic parameters were related to the long-term seWater (LIW) into the Adriatic and a rise of salinity in the
ries of yearly means of several hydrological/atmospheric pategion (Grbec et al., 2002; Appendix).

rameters using different time lags of between 0 and 4 years. The North Atlantic Oscillation (NAO) is a large-scale
These parameters are surface heat flux gained by insolatiomode of natural climate variability having large impacts on
Qs computed for Trieste, precipitation P in Trieste, Po Riverweather and climate in the North Atlantic region and over
discharge rate R and two atmospheric oscillation indexes, &urope. It is often defined through an oscillation index as the
Mediterranean Oscillation (MO) index and North Atlantic sea-level pressure difference between the polar low and the
Oscillation (NAO) index. At zero time lag the interannual subtropical high. It exerts a dominant influence on winter-
changes at the surface were found to be significantly relateéime temperatures across much of the Northern Hemisphere.
to changes in the Qs and NAO index (temperature) and RConsequently, surface air temperatures and sea surface tem-
(salinity and density). At the same time lag the changes inperatures across wide regions — including the Mediterranean
the bottom were found to be related to the MO index (tem-as well — are significantly correlated with interannual NAO
perature, salinity and density). Additionally, bottom salinity fluctuations (Hurrel and Vanloon, 1997). In the northern
and density were significantly related to R at a time lag of 1 Adriatic region, significant correlation was found between
year. net heat flux and NAO index (Dg&ik et al., 2004). The anal-
Key words. Oceanography: Physical (air-sea interactions; YS!S Of data from the period 1966-1992 showed that seasonal
hydrography) and mterannl_JaI_ variations of hydrographic cond_ltlons in the
northern Adriatic are related to the corresponding changes
in surface fluxes (air-sea heat flux, air-sea water flux, air-sea
buoyancy flux) and in the Po River discharge rate (i

al., 1997; Sug and Ivaigic, 2002). The impact of long-term

It is generally known that the hydrographic characteristicsc12nges in the MO and NAO indexes on hydrographic con-
(e.g. temperature, salinity and density) of the northern Adri-ditions of the region has not been analysed to date.

atic are under the influence of air-sea fluxes (e.g. under the In this paper we discuss seasonal and interannual variabil-
influence of air-sea heat flux Q and air-sea water flux W)ity of hydrographic conditions in the northern Adriatic us-

and the Po River discharge rates (e.g. Franco and Michelatd"d & long time series of temperature, salinity and density
data. The data were collected at station RV001 in the coastal

Correspondence td\. Supt zone of the northeastern Adriatic (Fig. 1) between 1921 and
(supic@cim.irb.hr) 2000. Seasonal and interannual analyses were performed on

1 Introduction
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Fig. 1. The northern Adriatic with the oceanographic stations and bathymetric lines.

the basis of monthly and yearly averages of hydrographic pa2 Data and methods
rameters. We compare a long-term series of yearly means of

hydrographic data 'to a long-term ;eries of yearly means OtI'he analysis is based on a long time series of sea tempera-
several atmospheric and hydrological parameters, by MeaR e and salinity data collected monthly to seasonally in the

of single and double correlation analysis. These parametering_2000 interval (Fig. 2) at station RV001 {88.8' N and
are incoming heat and water fluxes in the northern Adriatic 236.6'E: this value ?s subject to small variat.ions within

Qs and P, Po River discharge rate R, as well as MO and NA he long interval of measurements). Note that within the pe-

indexes. riod of measurements three data gaps occur: between 1926
and 1928, between 1934 and 1936, and between 1944 and

1953. The data are stored in the oceanographic data bank

After presenting data and methods used (Sect. 2) we deef the Center for Marine Research and are available upon
scribe and discuss our findings (Sect. 3). Finally, the resultsequest. The sampling was performed at about 0 m (at the
are summarized in Sect. 4. surface) and at 28—-32 m depth (at the bottom). For the entire



N. Supt et al.: Long-term changes in hydrographic conditions in northern Adriatic

1921-2000 interval the temperature was measured by pro-

444 4040 &

tected reversing thermometers (Richter and Wiese, Berlin, 2000:  amsreaie
precision £0.01° C). Salinity was determined to at least 1a o sases *s
1.0.05 by p§ing Mohr and Kngdsen’s method (1921-1977) or st tiscie ia
high precision laboratory salinometers(.01; after 1977). e
The sigma-t values have been computed from temperature 19907 :::::’!:*:;.:
and salinity by using standard international formulae (UN- 7 SesERetess
ESCO, 1981). 1 %% e
Seasonal cycles of sea temperature, salinity and density at 1 .. *E: * s
RV001 are described on the basis of monthly means com- BB A
puted from all the data collected in the 1921-2000 inter- 19207+08 * % 4 ae
val. Yearly means of sea temperature, salinity or density at 1g 9% 022 8
RV001 were computed using monthly averages within a cer- 1 * 05 s e
tain year, but only for years when sampling was performed latautenat 0
during at least 10 separate months. (This is a reason why [ssssese ass
there are so many gaps in the time series of bottom tempera- {esamnisnnisn
- . 1970 sesssnnsnne
ture, salinity and density.) R TIITIY T
Total heat flux from the atmosphere to the sea (Q) is the 4o+ -+
difference in the fluxes gained by insolation (Qs) and lost by 1 essnsssnss
longwave radiation (QI), latent (Qe) and sensible heat fluxes - 4+
(Qc). Total air-sea water flux (W) is the difference between @ 1g 605 H EEE‘EEEE:
precipitation (P) and evaporation (E). Computation of sur- ® {eassse as
face flux components is based on standard meteorological = :.u.“=====:
parameters (air temperature, scalar wind speed, cloud cover, :!:::ii:w::
specific humidity, precipitation, air pressure at the sea level) ] *esedestece
and sea surface temperature data (e.g. Gill, 1982). Due to a ]
lack of meteorological data in the vicinity of station Rv001 1950
(e.g. in Rovinj), we were not able to compute a long se- ]
ries of Q and W values which we could relate to long-term
changes in the hydrographic parameters. However, we had 0009088008+
at our disposal a long time series of data collected in Tri- :*:' :'5‘:
este (Fig. 1). To determine whether the Trieste fluxes are a 19407 -4+ 4 .:*‘
good approximation of the Rovinj fluxes, we analyzed 1966— ] 333:3:‘3‘
1992 surface flux data (from Supand Orlg, 1999). It was
found that long-term changes in Q and W at Trieste differed 200000000800
significantly from long-term changes in the same parame- byttt
ters at Rovinj. The correlation coefficients between 27 an- 1930, e98ss
nual means of Q/W at Rovinj and Trieste were close to O. ]
(Long-term \_/ar|ab|I|ty of ann_ual means of Q and W |n.the_ 2800 ...’
1966-1992 interval was mainly dependant on the variabil- 1 *’ .*:ggg..
ity in Qe and E. Interannual changes of the two components 1 :*g::aug
were closely related to changes in wind speed, and long-term 19207 7t
changes in wind speed at Rovinj and Trieste were not re- 4 710
lated.) Therefore, we related long-term changes in the annual month

means of hydrographic parameters at RV001 to changes in

the annual means _Of Qs a”‘?' P computed on the basis of TriFig. 2. Sampling strategy at RvV001 in the 1921-2000 interval. Cir-
este data. Correlation coefficients between 27 annual meange giameter is proportional to the number of casts (with measure-

of QS and P at stations Trieste and ROVinj in the 1966—199311ent5 of both temperature and salinity) per month (0-8).
interval, amounting to 0.52 and 0.51, were significant at the
99.5% and 99.3% levels, respectively. Qs was computed for
the 1925-1927, 1929-1930 and 1941-1992 intervals on th&mbinete of Emilia Romagna region (Italy). For the purpose
basis of monthly values of cloud cover in Trieste following of our investigation the definition of the MO index follows
the method described in Sapand Orle (1999). The cloud the simplified procedure found in Grbec et al. (2003) and is
cover data used were provided by Univadii Trieste. given in the Appendix.

Values for the NAO index were taken from http://www.  The statistical significance of all the correlation coeffi-
cgd.ucar.edutjhurrell, while Po River discharge data were cients presented here was computed by means of a two-sided
obtained from Assessorato Programazione, Piafinicazione etest (e.g. Storch and Zwiers, 1999).
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Fig. 3. Average values (solid line) and standard deviations (dashed lines) of temperature, salinity and density (sigma-t) for the 1921—-2000 in
(a) surface andb) bottom layer at station RV001.
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3 Results period (November; Supiand Orle, 1999). During winter
the water column is well mixed and values of salinity and
3.1 Seasonal cycle density both in the surface and bottom layer are the same. In

that period of the year the Po River influence is confined to

In the 1921-2000 interval the temperature at RV001 rangedhe western coast. The values of salinity and density depend
between 9.2C (February) and 24°C (August) at the sur-  primarily on the air-sea exchanges and are, therefore, high.
face, and between @€ (February) and 18°€ (October) at  |n spring and summer Po waters spread over the surface layer
the bottom (Fig. 3). The corresponding changes in salinityof the northern Adriatic, and surface salinity and density be-
were between 36.2 (August) and 37.9 (February) at the surcome lower. As the water column is well stratified during the
face, and between 37.5 (November) and 37.9 (March) at thevarm period of the year, salinity and density of the bottom
bottom (Fig. 3). sigma-t values ranged between 24.5 (Au-ayer remain high. By the end of the summer the low saline
gust) and 29.3 (February) at the surface, and between 27.fo waters are drawn from the region, and surface salinity and
(October) and 29.3 (March) at the bottom (Fig. 3). density significantly increase. By convective processes in-

Seasonal cycles of temperature, salinity and density atluced by cooling the salinity and density of the bottom layer
RV0O0L1 in the coastal zone are very similar to those observedre affected, reaching its minimum in autumn.
at SJ107 (Fig. 1; Supiand Ivargic, 2002) in the open north-
eastern Adriatic. Small differences in the seasonal cycles be3.2 Long-term variability
tween the two locations are presumably due to differences
in coastal and open sea dynamics. Lower values of wintein the 1921-1994 interval yearly means of temperature at
temperatures at RV001 with respect to SJ107 are presumablRV001 (Fig. 4) ranged between 15®(in 1941) and 17.1C
caused by more intense cooling in the coastal zone. Highe(in 1961) at the surface, and between 28.(in 1938) and
temperatures and lower salinity in the surface layer at SJ1015.1°C (in 1921) at the bottom. Yearly means of salinity
with respect to RV001 in summer could be explained bywere, for the same interval (Fig. 4), between 35.0 (in 1941)
the presence of a warm, low salinity water pool in the openand 37.9 (in 1929) at surface, and between 37.1 (in 1937) and
northeastern Adriatic around SJ107 in that season {Setpi  38.0 (in 1954) at bottom. Yearly averages of sigma-t values
al., 2003). In autumn the bottom waters are generally warme(Fig. 4) ranged between 25.8 (in 1941) and 27.8 (in 1929) at
and less salty at RV001 than at SJ107, presumably due tthe surface, and between 27.7 (in 1937) and 28.7 (in 1929) at
more intense vertical mixing in the coastal zone during thethe bottom. Average values of the three parameters observed
period when the pycnocline decays. were 16.8C, 37.1 and 27.2 at the surface and €237.8

Seasonal changes in the hydrographic conditions at Rvoo&and 28.2 at the bottom.
are, therefore, typical for the northern Adriatic region, there- The changes in the hydrographic characteristics in the bot-
fore, being dependant on the combined effects of air-sea suttom and surface layers were generally related (correlation
face fluxes and Po River discharge rates. The changes in theoefficients between 40 yearly means of surface and bot-
temperature could be easily related to seasonal changes in tiem temperature, salinity and sigma-t values amounted to
surface heat flux in the region (Sémnd Orlg, 1999). The 0.67, 0.70 and 0.52, respectively, and were significant at the
region gains heat in the period from March/April to August. 99.99% level). Density changes in the surface layer were
The heat is accumulating in the surface layer (0-10 m depthpredominantly ruled by salinity changes, while the ones in
which gradually becomes warmer than deeper parts of théhe bottom layer were dependant on both temperature and
water column, with maximal temperatures occurring in Au- salinity variations (correlation coefficients between 40 yearly
gust. By the end of summer (September), when the sea at theeans of temperature and sigma-t-values amounted to 0.01 at
air-sea interface starts to lose heat, the vertical stratificatiorihe surface and to 0.55 at the bottom, while the ones between
is eroded by strong vertical mixing. Due to convective pro- 40 yearly means of salinity and sigma-t values were 0.96 in
cesses, the bottom layer is heated and by the end of the surthe surface and 0.86 in the bottom layer). The changes in
mer the bottom temperature is at its maximum. During au-the temperature were found to be independent of changes in
tumn and winter, the water column of the northern Adriatic is salinity (correlation coefficients between 40 yearly means of
well mixed. The cooling process continues until March, with temperature and salinity for both surface and bottom layers
the temperature of the water column being minimal by thewere about zero).
end of winter. Seasonal changes in salinity and density are Perhaps the most interesting result of this long-term anal-
very similar and more influenced by the Po River dischargeysis is the fact that over the period analyzed there is no trend
than by air-sea water or buoyancy fluxes. Air-sea water fluxin changes in the yearly means of temperature, salinity and
is generally positive throughout the year (sea gains waterjensity in both the surface and bottom layers. This result is
and more intense from February to June than in the secondomewhat unexpected. While analysing long-term changes
part of the year (Supiand OrlE, 1999). Seasonal changes in the annual means of surface temperature measured daily in
in air-sea buoyancy flux are ruled by changes in air-sea heafrieste in the 1946-1999 interval, Stravisi (2000) observed a
flux, with buoyancy loss in the period from March to August positive linear trend. A positive linear trend was also found
(Supt and Orle, 1999). The seasonal cycle of the Po River in the 1970-2000 interval in monthly to seasonally gathered
discharge has two maxima, during spring (May) and autumnsurface temperature data at the Po delta-Rovinj transect in
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Fig. 5. Yearly means Qs, P, R, the MO and NAO indexes for the 1921-2000 interval.

the northern Adriatic in the spring and summer period (butspring surface temperature in the northern Adriatic is very
not in the autumn and winter period; Degobbis et al., 2000;pronounced; CIM, unpublished data), it refers to a time inter-
CIM, unpublished data). Although the data series analyzedsal longer than the data series discussed previously. There-
here includes several data gaps (for example, there is a dafare, our results indicate that on longer time scales there are
gap in the 1995-2000 interval when a positive trend in theno trends in sea temperature — and also including salinity
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and density — in the northern Adriatic. However, this find- 3.3 Correlation analyses
ing should be reexaminated in future, by using a more com-
plete and longer time series than the one discussed here. Awenty annual means of surface and bottom temperature,
constant salinity increase in the coastal and open waters gfalinity and density at RV001 between 1921 and 2000 were
middle Adriatic was observed in the 1951-1976 interval by compared to the annual means of Qs for various time lags
Zore-Armanda et al. (1991). At RV001, over a similar time between 0 and-4 years (Fig. 6). The same comparison was
period of 1954-1973, there was no linear trend in the bottomdone between thirty-seven annual means of the hydrographic
salinity, while the surface salinity was found to even decreasegparameters in the 1921-2000 interval and P, R, and the NAO
a little (Fig. 4). These differences point out that long-term index and the MO index (Fig. 7).
salinity vatiations in the middle and northern Adriatic differ ~ Correlation between sea surface temperature and Qs was
significantly. In addition, analysis of long-term salinity vari- positive and significant (at the 97.8% level) at O years time
ations at the Po delta-Rovinj transect in the 1970-2000 interdag. Changes in Qs were reflected in the sea bottom tem-
val (the salinity data were taken monthly to seasonaly) showsgerature at O years time lag but with a statistical significance
no pronounced trend (Degobbis et al., 2000; CIM, unpub-below 95% (at the 94.8% level). The finding implies that in-
lished data). Variability of yearly means of surface flux due terannual changes in sea temperature in the region are for the
to insolation (Qs), precipitation (P), Po River discharge ratesmost part driven by changes in incoming insolation. Changes
(R), and MO and NAO indexes in the 1921-1994 interval is in surface salinity, and surface and bottom density were not
shown in Fig. 5. Qs varied between 131 W#{in 1960) and  found to be related to Qs. It is interesting to note that there
162 n? (in 1983), P between 1.7 mnTd (in 1938 and 1942)  exists a higher positive correlation between bottom salinity
and 3.7 mm d? (in 1960 and 1965), R between 903811 at a—1 year time lag and Qs. In conditions of reinforced
(in 1945) and 2617 Fns—l(in 1960), MO index between 4.0 heat gain, heat content of the surface layer may be increased,
(in 1924) mbar and 4.7 mbar (in 1973) and NAO index be-resulting in a higher stratification degree of a water column.
tween 1.1 mbar (in 1996) and 1.1 mbar (in 1961 and 1990)Reduction of vertical mixing under those conditions may per-
The long-term averages of Qs, P, R and MO and NAO in-haps induce higher bottom salinity values for the next year.
dexes amounted to 143.7 W2n2.7 mm d1, 1508 mm d'1, Changes in hydrographic conditions at RV001 were not
0.3 mbar and 0.1 mbar, respectively. found to be related to changes in P, exceptatyears time

lag, for surface and bottom salinity, and surface density. We

are at present unable to explain this correlation.

Changes in Qs were closely related to changes in P (cor- Temperatures in both surface and bottom layers were not
relation coefficient between 56 values of Qs and P in therelated to R at any phase lag. Surface salinity and density
1925-1991 interval amounted to 0.37, suggesting that thisvere significantly correlated to this parameter at zero phase
was significant at the 99.5% level) and were generally notlag (at 98.4% and at 99.3% levels). In the bottom layer a sig-
related to changes in R, MO or NAO indexes (correlation co-nificant correlation is achieved at thel year time lag, both
efficient between 57 values of Qs and R, MO index and NAOfor salinity (at 99.4% level) and density (at 96.5% level). The
index gave values of 0.2, 0.17 and 0.14 and were significantorrelations are negative (higher Po River discharge rates,
at 86.4%, 79.4% and 70.1% levels, respectively). Changes ifower salinity and density). The obtained results indicate that
P were highly related to changes in R (correlation coefficientinterannual variations in salinity and density are for the most
between 75 values of P and R index in the 18731991 interpart driven by variations in Po River discharge rates, both in
val was 0.27 and was significant at the 99.9% level). Changethe surface and bottom layer. It is interesting to note that
in P were weakly related to changes in MO and NAO indexesthere is a one year lagged response time between changes in
(correlation coefficients between 119 values of P and MOR and changes in salinity and density of the bottom layer.
index and NAO index in the 1873-1991 interval were 0.19 This corresponds to the previous result obtained by \dlibi
and 0.20 and were significant at the 96.2% and 97.1% levand Supt (personal communication), who found that values
els, respectively). Changes in R were generally not relatedf bottom salinity recorded in February in the 1966—1992 in-
to changes in MO or NAO index (the correlation coefficients terval at SJ107 are highly negatively correlated to Po River
between 80 values of R and the MO/NAO index in the 1917-discharge rate recorded with-s10 months phase lag (i.e. to
1995 interval amounted to 0.17/0.10 and were significant athe Po discharge rate recorded in April of the previous year).
the 87.9% and 62.2% levels). Changes in the MO index wereThey suggested that a significant amount of fresh water of
not related to changes in the NAO index (correlation coeffi- Po origin (Po waters are confined to the western coast during
cient between 123 values of MO and NAO indexes in thewinter, spreading over the surface layer of the northern Adri-
1873-1995 interval was 0.1 and was significant at the 76.9%atic during spring and summer) enters the bottom layers of
level). the northern Adriatic in early spring, during a period of ver-

tical instability, thereby preconditioning in this way winter
conditions of the next year.

There is no linear trend in the P, R and NAO changes, With the exception of surface temperature, which was
while Qs and MO index data show a slight increase within significantly (at the 98.6% level) positively related to the
the period of observation. NAO index at zero time lag, the hydrographic parameters
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Fig. 8. Double correlation coefficients for the cases when maximum correlation appeared for annual(a)iteroperature(b) salinity and

(c) density, and annual botto(d) temperature(e) salinity and(f) density measured at RvV001 station. Input parameters are varied between
Qs, P, R, the MO and NAO indexes (dashed and thick line stands for 95% and 99% significance level, respectively) for phase lags from 0 to
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investigated were not related to this parameter. The singléhe one obtained here for the correlation coefficient between
correlation obtained compares well with the finding that seathe MO index and the salinity in the bottom layer (95%).
surface temperatures in the Mediterranean region are signifHowever, there is no significant correlation between long-
icantly related to the NAO index (Hurrel, 1995). A nega- term changes in the annual values of the MO index and the
tive NAO index describes the conditions favourable for cy- temperature in the middle Adriatic (Grbec, personal comuni-
clonic activity over the Adriatic and Western Mediterranean cation).
(and vice versa) clearly reflecting air-sea heat exchanges and, We were unable to explain the high correlations between
therefore, sea temperature changes. the hydrographic conditions at RV001 and the atmospheric
Long-term changes in the hydrographic parameters in thgparameters (MO index and precipitation) at th8 years
surface layer were not related to the MO index, except fortime lag. These correlations have perhaps no physical mean-
the temperature which was negatively related to the same dhg. However, it is possible that they may reflect some im-
the—3 years time lag (at 99.5% level). We are also unable toportant climate characteristics of the Mediteranean region
explain this correlation. However, all three hydrographic pa-which are beyond our present knowledge. For example, Lev-
rameters for the bottom layer were related to the MOI indexantine Intermediate Water (LIW), which is produced by the
at 0 years time lag. The correlation for density and salinity enhanced buoyancy losses over the Levantine Basin, requires
were positive and high (at 99.5% and at 95.3% level), whilea couple of years to reach the Adriatic area (Malanotte-Rizoli
the one for temperature was negative and less than the 95%t al., 1997). It is possible that this water, reaching the north-
level (at 92.9% level). Therefore, our results indicate that aern Adriatic three years after being formed, significantly in-
high and positive MOI favours the appearance of less warnfluences the hydrographic conditions of the region. The high
and more saline (and, therefore, more dense) water in theorrelation obtained at the3 years time lag may then reveal
bottom layer of the northern Adriatic at zero phase lag. a connection between LIW generation and the atmospheric
It was determined that the MO index is related to condi- parameters involved.
tions that induce saline LIW inflow into the Adriatic at zero  We have additionally performed multiregression analysis
phase lag (Grbec, 1997; Appendix). This transport occursyith two inputs and one output. The best correlation fields
in the intermediate layers at 30-150 m depth (Grbec et al.for annual surface and bottom temperature, salinity and den-
1998; 2002). The exact mechanism of the MO influence onsity are given in Fig. 8. The fields follow the distributions
salinity changes in intermediate layers of the middle Adriatic achieved by single correlation analysis. The highest correla-
has not yet been explained. However, it is supposed that untion seems to appear at the 0 years time lag for the temper-
der conditions of high and positive MO alongshore motionsature fields with the Qs and MO index as inputs both at the
in layers of 30-100m depth are favoured. Therefore, un-surface and bottom, and at3 years with MO index. The
der these conditions a significant amount of LIW enters thesalinity field is mostly driven by the river runoff, at the zero
Adriatic. By analogy we can suppose that under conditionsphase lag of the surface andl year time lag at the bot-
of high and positive MO index advection of intermediate wa- tom. Annual surface density values are primarily the result of
ters from the central to northern Adriatic is favoured. In- salinity fluctuations and, therefore, the correlations are simi-
termediate central Adriatic waters are generally warmer andar to those achieved for the salinity in the surface layer, but
more saline than northern Adriatic waters at the correspondin the bottom layer they are primarily driven by the MO index
ing depth. Average yearly values of hydrographic parame-and then by the river runoff.
ters at 30 m are 15°Z and 38.2 at the Split-Gargano tran-
sect in the central Adriatic (Zore-Armanda et al., 1991), and
12.8 C and 38.0 at the delta Po-Rovinj transect in the north-4 Summary
ern Adriatic (Supt, 1993). The advection of central Adriatic
waters gives rise to salinity values at RV001 that are characThe paper gives seasonal and interannual variability of hy-
terised by a high, positive correlation between bottom salin-drographic conditions at a station in a coastal zone of the
ity and the MO index. However, under conditions of high northeastern Adriatic, using a long data series starting in
and positive MO index yearly averaged bottom temperatured921. The series is among the longest in the Adriatic, hav-
at RV001 are generally low. This is an important point to dis- ing a very high sampling resolution, and considered enough
cuss. We suppose that inflow of large quantities of warmerto perform very precise analyses on both seasonal and inter-
water into the bottom layer could influence the stability of annual scales. Seasonal changes in the temperature, salinity
the water column of the northern Adriatic, inducing more and density were found to be typical for the region, depen-
intense vertical mixing. That process may — on an average&lant on air-sea fluxes (air-sea heat flux, air-sea water flux and
scale — lead to a bottom temperature decrease and, thereforay-sea buoyancy flux) and Po River discharge rate. Analysis
be responsible for the negative correlation between the botef annual means indicated that there were no trends in tem-
tom temperature and the MO index. perature, salinity and density changes in the region. Interan-
It is interesting to note that the statistical significance of nual density changes were ruled by salinity changes in the
the correlation coefficient between long-term changes in thesurface layer and by both temperature and salinity changes
annual values of the MO index and salinity in the intermedi- in the bottom layer. The interannual changes of temperature
ate layer of the middle Adriatic (see Appendix) is the same asand salinity were not related.
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In order to explain the long-term changes in hydrographicthe North Atlantic Oscillation (NAO) index (Kutiel and Be-
conditions we analysed a series of yearly means of severataroch, 2002).
different hydrologic and meteorological parameters: surface Previous analyses indicated that pressure differences be-
heat flux gained by insolation Qs computed for Trieste, pre-tween the mid North Atlantic and the southeast Mediter-
cipitation P in Trieste, Po River discharge rate R and pres+anean reinforce the inflow of saltier Levantine Intermediate
sure gradients MO index and NAO index. The comparisonWater (LIW) into the Adriatic (Zore-Armanda, 1969; 1972;
of the long-term means revealed that interannual changes iGrbec et al., 1998; Grbec et al., 2002).
Qs and P were highly related, as well as the changes in P To establish the connection between pressure distribution
and R. While changes in Qs and R were generally not relateéind LIW inflow two data sets were used: 1) mean annual
to changes in the NAO and MO indexes, changes in P werg1920-1995) sea level pressure data for 64 grid points on
weakly related to changes in the two indexes. Changes in the 1 longitude by B latitude grid, in the area delimited
MO index were generally not related to changes in the NAOby the 30 W—40 E meridians, and 30 N-65N parallels (ob-
index. tained from the web site http://www.cru.uea.ac.uk and ad-
The long-term series of the yearly means of hydrographicjusted to the mean sea level; detailed description of the data
parameters were then compared to changes in the yearlgan be found in, for example, Williams and Vanloon, 1976;
means of Qs, P, R, the MO index and the NAO index, usingTrenberth and Paolino, 1980; Jones, 1987), and 2) mean an-
different time lags between 0 anell years. At 0 time lagthe nual (1947-1995) salinity values in the intermediate 50—-70 m
interannual changes at the surface were found to be signifilayer which are not influenced by seasonal changes in the
cantly related to changes in Qs and NAO (temperature) andgniddle Adriatic Sea (MEDAS - Marine Environmental Data
R (salinity and density). At the same time lag the changesBank of the Adriatic Sea data bank; Dadic, 1995). Sim-
in the bottom layer were found to be related to the MO in- ple linear correlation coefficients were calculated between
dex (temperature, salinity and density). Additionally, bottom pressure at each of the 64 grid-point data and salinity data
salinity and density were significantly related to R at e (e.g. between annual values of the parameters in the 1947—
year time lag. 1995 interval). Among all the correlation coefficients at the
The results obtained confirm the previous findings — base®5% significance level, two well-defined groups appeared:
on much shorter time series — that long-term changes in th@ne with positive and one with negative correlations between
temperature in the northern Adriatic depend mainly on sur-salinity and sea level pressure (SLP) data (Fig. Al). Since
face heat flux, while changes in salinity and density are pri-the main objective of our work was to determine the stress in
marily driven by the influence of the Po. Additionally, our the atmosphere, which causes more or less LIW inflow into
results show that interannual variations of hydrographic conthe Adriatic, only those SLP data that showed significant cor-
ditions in the northern Adriatic could, in addition to varia- relation (at the 95% level) with salinity were used in further
tions in surface fluxes and in Po River discharge rates, be reanalysis.
lated to variations in pressure gradients due to NAO and MO. In analogy to the indices in the atmosphere, like NAO, and
By showing that changes in the NAO index are important forthe already established MO (Mediterranean Oscillation) for
thermal changes at the surface, and changes in the MO indethe 500 mb geopotential level between the western and east-
are important for salinity and density changes at the bottomgrn Mediterranean sides (Conte et al., 1989), we have defined
the obtained result supports the earlier stated hypothesis thélte Mediterranean Oscillation index (MOI) as:
in the Adriatic region the NAO index is responsible for air-
sea exchange processes and the MO index is responsible fdf O1 = SPLT — SPL™
the horizontal advection of water in deeper layers.
where SPL™ is the mean sea level pressure for the grid-
points showing a positive significant correlation with salin-
Appendix A Mediterranean oscillation (MO) index ity (in the mid North Atlantic), whereaSP L~ is the mean
sea level pressure for the gridpoints showing negative signif-
The possible existence of a Mediterranean Oscillation aticant correlation with salinity (in southeast Mediterranean).
the 500 hPa level, as a consequence of dipole behaviour dfhe area in the mid North Atlantic is regulated by perma-
the atmosphere in the area between the western and eastent pressure centers, the Azores high and the Island low,
ern Mediterranean, was proposed by Conte et al. (1989)while the area in the southeast Mediterranean is under the in-
This dipole behaviour seems to play a dominant role in cli- fluence of the permanent southeast Mediterranean low. Sig-
mate variability over the Mediterranean basin. It was docu-nificant correlation between MOI and salinity in the middle
mented by comparing temperature, precipitation, circulationAdriatic of 0.52 (p<0.05) was obtained (Fig. A2). Very high
and other parameters between the western and the eastesalinity values in some years (up to 38.8) are a prescribed
Mediterranean. The differences observed were attributed tinflow of very saline Levantine Intermediate Waters (LIW).
a Mediterranean Oscillation, which is defined as a pressuréin the Levantine basin where the LIW is formed it is de-
gradient between the two regions (Kutiel et al., 1996; Ma-fined as warm and high salinity water with a temperature be-
heras et al., 1999). An index that measures the intensityween 13 and 16C and a salinity between 39.0 and 39.2;
of the dipole-like behavior was defined in a way similar to Malanotte-Rizzoli et al., 1997. In the southern Adriatic LIW
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Fig. Al. Spatial distribution of correlation coefficients between SLP data for each grid point and salinity in the intermediary layer of the
middle Adriatic. Correlation coefficients significant at the@O05 level are marked in bold. Sign + and - correspond to positive and negative
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Fig. A2. Yearly means of salinity (thick solid line) in the intermediate layer of the middle Adriatic in relation to the MO index (solid line) in
the 1945-1995 interval.

is traced as water having a temperature dfCL4nd salinity  the 1947-1995 interval amounted to 0.62:(b001). Nev-
of 38.75 (Vilibic and OrlE, 2001). High salinity in the region ertheless, the winter MO index (average for interval from
during conditions of large and positive pressure differencesDecember to March) in the same interval was correlated to
between the mid North Atlantic and southeast Mediterraneara mean winter salinity with a value of r=0.34<f.05), and
(and vice versa) indicate that the MO index controls LIW in- is less significant than on the annual scale. Thus, we be-
flow into the Adriatic. lieve that LIW inflow is a process that is mainly influenced
When downscaling to the monthly values, the correlationby the atmospheric variations on time scales greater than
between MO index and salinity in the middle Adriatic seems Months/season and, therefore, the definition of the MO in-
to be strong for some months (for example, the correlationdex is based on the annual air pressure differences.
between average February values of the two parameters in
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